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THE MEASUREMENT OF VOLUME CHANGES IN. 
| HUMAN LIMBS 


By R. J. WHITNEY 
From the Medical Research Council Unit for Research on Climate and 
Working Efficiency, Department of Human Anatomy, University of Oxford 


(Received 1 September 1952) 


The measurement of volume changes in the limbs or in portions of the limbs 
of man is now recognized as a valuable technique in many physiological and 
clinical investigations. The various methods employed in the measurement 
have been recently reviewed (Potter, 1948). Volume plethysmography has 
proved particularly useful in investigations on vasomotor response and, 
combined with the venous occlusion procedure, has become the standard 
method for estimating peripheral blood flow in man. 

Although there have been many refinements to the technique of volume 
plethysmography during the past 20 or 30 years, the current procedure is still 
based essentially on the system originally devised by Schafer & Moore (1896) 
and subsequently adapted to human limb measurements by Hewlett & van 
Zwaluwenburg (1909). In this system, the limb, or a segment of it, is sealed in 
a rigid jacket so that volume changes of the enclosed part will cause corre- 
sponding volume displacements of the fluid filling the space between the limb 
and the jacket. The sealed space, filled with either water or air, is connected 
to a volume recorder by an air- or water-line. 

It is apparent, from the extensive literature which now exists on the applica- 
tion of this technique, that it must always suffer from some of the following 
disadvantages and limitations: (2) The apparatus tends to be cumbersome. 
(b) The sealing of the limb within the jacket gives rise to problems, for a perfect 
water- or air-tight seal must be achieved without appreciable constriction of 
the tissues and the seal must be arranged so that the volume change of the 
limb enclosed results in an equivalent volume displacement of the fluid filling 
the jacket. (c) During any continuous record of volume change there must be 
no relative movement between the limb and its jacket. The subject is, there- 
fore, largely immobilized, and the possibilities of recording volume changes in 
relation to normal muscular activity are very limited. (d) The air- or water- 
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line connecting the subject with recording apparatus is restricted in length and 
the apparatus must, therefore, remain reasonably near the subject. This adds 
further to the immobilization of the subject and restricts observations to 
environmental and other conditions to which the recording apparatus can be 
exposed. In the case of the liquid-filled plethysmograph, this disadvantage 
has been recently overcome by the employment of electrical transmission 
(Cooper & Kerslake, 1951). (e) The enclosure of an appreciable part of a limb 
within a chamber may result in local vasomotor changes, particularly if the 
fluid filling the chamber is maintained at a constant temperature. The validity 
of a continuous record of vasomotor change by this technique is therefore 
dubious. (/) In order to avoid the more obvious sources of error, the apparatus 
becomes complicated and a considerable time is often required to mount the 
apparatus on to the limb of the subject. There has been much discussion of 
sources of error in employing the plethysmograph (e.g. Lansdowne & Katz, 1942). 

Since these disadvantages seem inherent in any method which attempts to 
measure directly volume changes in a limb, any further advances in the 
technique for recording such changes must depend on the development of 
methods for recording the changes of limb weight or of limb dimensions. 
Changes of limb weight would be directly proportional to changes of limb 
volume, and such changes have been recorded in the past (Smirk, 1933). 
There are, however, obvious technical difficulties in recording vasomotor 
changes or blood flows by weight measurements. 

There remains the possibility of recording limb volume changes indirectly 
by the measurement of corresponding changes in the limb dimensions. The 
discussion which follows examines the theoretical and practical aspects of this 
indirect method. 


THEORETICAL CONSIDERATIONS 


For physiological purposes, an estimate of limb volume change is usually 
required. If changes in limb dimension are actually recorded, it must, there- 
fore, be possible to deduce the corresponding volume changes from these 
records 


When a limb changes in volume, it is reasonable to suppose that there is no 
significant change in the dimension measured along the axis of the skeletal 
element of the limb. The whole of the volume change is absorbed in corre- 
sponding changes of the transverse sectional area of the limb. At any parti- 
cular level of the limb along its axis, the percentage change in volume at the level 
will be equal to the percentage change of transverse sectional area at that level. 
If the transverse section is truly circular and if the shape of the section remains 
unaltered during expansion or contraction, it is obvious that the percentage 
change in area of the section will be twice the percentage change of the circum- 
ference of the section for small changes of area. Geometrical considerations 
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show that this relationship still applies to sections of other shapes if the shape 
remains unaltered on expansion or contraction (see Appendix 1). 

On theoretical considerations, therefore, it seems feasible to deduce per- 
centage changes in volume of a limb at a particular level along its axis from 
corresponding measurements of the percentage changes in circumference 
(girth) of the limb at the same level. Before describing apparatus which has 
been devised for this measurement of girth, it will be relevant to examine in 
more detail the theoretical assumptions underlying the direct relationship 
between changes of volume and changes of girth. 

The first assumption, that the length of the limb remains unaltered during 
volume changes, seems indisputable when applied to the limb as a whole or to 
segments of the limb when any restraining influence to expansion is uniformly 
distributed along the length of the limb. If, however, any measuring device 
applied to a segment of the limb exerts a greater restraint on the expansion of 
that segment, compared with the restraint existing for the remainder of the 
limb, then effectively the length of the measured segment as well as its girth 
will increase when the volume of the segment increases, so that the percentage 
increase in volume will no longer be equal to twice the percentage increase in 
girth. In practice, the measuring device will usually impose some restraint on 
the limb. If, however, the deformable tissues are considered to be truly elastic 
under these conditions of restraint, it can be shown (see Appendix II) that the 
unrestrained percentage girth changes can be accurately deduced from 
measurements made under restraint if the girth measuring device is suitably 
calibrated. 

The validity of the second assumption necessary in deducing volume changes 
from girth changes—namely, that the transverse sectional shape remains 
unaltered during volume changes—cannot be assessed on purely theoretical 
grounds for the irregular cross-sectional shapes of human limbs. There are 
also no data for the changes of shape, if any, which occur in human limbs 
during volume changes. Some indication of the maximum errors likely to 
arise can be derived from a theoretical consideration of elliptical cross-sections. 
The relationships between percentage change in volume (1008V/V) and 
percentage change in girth (100 5G/@) when ‘EZ’ 1s the ratio of the short to the 
long axis of the elliptical cross-section are as follows: 

(i) If, on expansion or contraction, only the long axis of the eenorie cross- 


section changes, then: (9-F*) 86 
(9—5E*) 
(ii) If, on expansion or contraction, only the short axis of the elliptical 
cross-section changes, then: 
BV _ (9-H) 36 
V 4B 
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It will be obvious that both (i) and (ii) approximate to V/V =28G/G as ‘BE’ 
approaches unity, that is, as the cross-section becomes almost circular. In this 
connexion, it is relevant to note that human limbs and digits approximate to a 
circular cross-section except in the region of joints such as the wrist and the 
ankle. Volume changes in the region of joints are not commonly required, but 
it is of interest to note that the ratio of short to long axis of the wrist section is 
approximately 0-8. If this wrist section is considered to be a true ellipse, then 

ing to formula (i) 5V/V=1-448G/G, and according to formula 
(ii) 8V/V =3-27 5G/G. Considerable errors could arise, therefore, if volume 
changes at the wrist are deduced from girth changes on the assumption that 
3V/V =28G/G if the entire dimensional change were absorbed in one or other 
of the axes of the wrist section. Such a unidirectional change is not, however, 
to be expected in practice—for example, at the wrist the greater part of the 
volume change must be in the skin and the skin is fairly uniformly distributed 
in thickness. Marked changes in the shape of the wrist accompanying volume 
changes are not, therefore, to be expected. 

On theoretical grounds, therefore, a fairly accurate derivation of volume 
changes from observed girth changes in human limbs can be expected. 


PRACTICAL CONSIDERATIONS 
The precision required for girth measurements, if these are to provide an 
indirect record of limb volume changes, is of a fairly high order. For example, 
if a limb segment of 25 cm girth has a blood flow of 1 ml./100 ml./min, the girth 
will increase only 1/48 mm/sec following venous occlusion. It is necessary to 
make these small measurements on easily deformable tissues, hence the 
conditions of measurement must be, as far as is possible, isotonic. 

Electrical strain gauges, of the resistance, capacitance and inductance types, 
have, in recent years, been extensively applied for recording small linear 
changes of dimension. Almost without exception, however, the gauges have 
been used for an isometric record. Capacitance and inductance gauges could 
be adapted for an isotonic record, but relatively complicated electronic 
amplifiers are required with these types of gauge. Amplification is not essential 
with resistance-wire gauges, but these cannot be constructed on the isotonic 
principle. 

The apparatus, which is described below, for the precise measurement of 
changes in girth makes use of the mercury-in-rubber resistance strain gauge 
(Whitney, 1949). The principle of this gauge is the effect of extension of a small- 
bore rubber tube on the resistance of a mercury thread completely filling the 
bore of the tube. The ends of the tube are closed with tapered copper pins, the 
points being amalgamated before insertion in the tube to ensure good electrical 
contact between the end of the mercury thread and its respective pin. Leads 
from the two copper pins enable the gauge to form one arm of a Wheatstone 
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bridge. If the bridge is balanced for a particular degree of extension of the 
tube, changes of extension plus or minus of the balanced extension will be 
recorded by the current flowing in the bridge galvanometer. A good linear 
relationship exists between the bridge output recorded by the galvanometer 
and the percentage extension or contraction of the gauge. 

The actual voltage output of the strain-gauge bridge for a given percentage 
change in length of the gauge is dependent not only on the voltage applied to 
the bridge circuit but also on the type of galvanometer used for recording the 
output. Since the resistance of the strain gauge is usually low (2-4 for a two- 
strand gauge) it is desirable, for the usual considerations which arise when 
recording with galvanometers, to use a galvanometer of comparatively low 
coil resistance and to damp the galvanometer electromagnetically with the 
resistance of the bridge circuit itself. No separate damping resistance is, 
therefore, required across the terminals of the galvanometer, and the resistance 
of the bridge circuit is suitably matched to the galvanometer by adjusting the 
resistance of the two ratio arms of the bridge. Since the necessary damping 
resistance is usually greater than the galvanometer coil resistance, the resist- 
ance of each ratio arm of the bridge will be much higher than that of the gauge 
and compensating arms of the bridge. For example, if a standard galvanometer 
of 10Q coil resistance and of 5 c/s natural frequency is used with a 2Q strain 
gauge, it is necessary to adjust each of the ratio arms of the bridge to about 
80Q. Under these circumstances a bridge output of about 10 »V is obtained 
per 0-01 % change in the length of the gauge and per 1 V applied to the bridge, 
and cyclical changes of length up to a frequency of about 3 per sec can be 
reliably recorded. This output is quite adequate to drive galvanometers of only 
moderate current sensitivity, since up to 2 V can, if necessary, be applied to 
a 2Q gauge bridge circuit. For most physiological purposes it is necessary to 
attenuate the maximum sensitivity available and this can be conveniently 
done, without affecting the electrical matching of the galvanometer to its 
circuit, by varying the voltage applied to the bridge. A suitable circuit, 
incorporating these principles, is described below. 

A practical form of the gauge for measuring changes in limb girth is illus- 
trated in Fig. 1. This two-strand gauge measures a 1 cm-long segment of the 
limb. Different limb girths are accommodated by using mercury-in-rubber 
loops of different length, each loop being itself adjustable over about 2 cm of 
girth by use of the adjusting nut (Fig. 1 (ix)) provided on the gauge mounting. 
If it is desired to sample a limb segment longer than 1 cm, either several two- 
strand gauges, each with its own bridge and galvanometer circuit, can be 
employed, mounted at intervals along the limb segment, or a multi-strand 
gauge, constructed on the same lines as those indicated in Fig. 1, but with 
several mercury-in-rubber loops, can be used. 

A suitable bridge circuit for use with the gauges is shown in Fig. 2. The 
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system of temperature compensation for the gauges may require some ex- 
planation. The resistance of mercury has a comparatively high thermal coeffi- 
cient, so that a temperature change of 1° C in the mercury filling of the gauge 
produces approximately the same change in resistance as would be produced 
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Fig. 1. Constructional details of two-strand mercury-in-rubber gauge. (a) Lateral view of gauge 
mounting viewed along axis of limb to which gauge is fitted. (b) Plan view of gauge mounting. 
(c) Plan view of gauge mounting partly dismantled to show electrical connexions. The plug 
in each end of the mercury-filled gauge rubber (i) is secured in a hole bored in the terminal 
block (ii) by means of a set screw (iii). The two terminal blocks are each secured to the curved 
celluloid base (v) by means of a countersunk screw (iv), the ends of the screws protruding 
above the blocks providing attachments for the Perspex bridge (vi). Each block also carries 
a curved guide rail (vii) for the sliding Perspex block (viii). A semicircular groove in (viii) 
accommodates the looped end of the gauge rubber, the rubber being kept in the groove by 
means of the hinged flap. The adjustment screw has a hinged attachment to the sliding 
block and passes through the Perspex bridge, any backlash of the adjusting nut (ix) being 
absorbed by the compression spring mounted on the screw between the bridge and the sliding 
block. The copper winding for thermal compensation (x) is mounted on the celluloid base, and 
the three electrical leads from the winding and the two terminal blocks are taken from the 
gauge by the three-core flexible lead (xi), 
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by a 0-05 % change in the length of the gauge. If limb girths are to be accurately 
recorded under varying conditions of ambient temperature, it is obviously 
necessary to compensate the gauge thermally. This compensation is con- 
veniently provided by mounting a copper-wire winding on the gauge (Fig. 1 (x) 
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Fig. 2. Circuit diagram for two-channel recording from a pair of two-strand gauges. Components 
are lettered for the left-hand channel only. Separate units of the system are blocked off 
by the interrupted lines. The gauge A with its flexible lead B is plugged into one end of the 
long, multicore lead C which connects the subject with the recording circuit, and which may 
be common to several gauges. The bridge unit D, the recording galvanometer F and the 
battery power supply F are also common to the gauges in use. R,, mercury-in-rubber strain 
gauge; R,, copper thermal compensation winding, resistance 0-282,; R,, constantan portion 
of bridge-balancing resistance, value 0-76R,; R,R,, adjusting shunt for R,: R, variable 
(maximum about 202,), R, fixed, about 102,; R,, ratio arm of bridge (each ratio arm should 
be about twice the critical damping resistance for the galvanometer); R,R,, apex potentio- 
meter calibrated for gauge tension: R, wire-wound 50, R, 0-5Q constantan shunt. 


and Fig. 2, R,). This copper winding is subject to the same temperature changes 
as is the mercury filling the gauge and, if R,, R, and R, have low thermal 
coefficients and are not subject to large temperature changes, then a con- 
sideration of the thermal coefficients of mercury and of copper will show that 
changes in the gauge resistance due to temperature changes will be com- 
pensated by equivalent changes of resistance in R,. 
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The rubber tube used in constructing the gauges requires some comment. The bore of the tube 
should be quite small, otherwise the resistance of the gauge will be inconveniently low. The wall 
of the tube should be reasonably thick to allow the tube to be looped as indicated in Fig. 1 without 
causing collapse of the bore. The tube should also have a reasonably high extensibility (% extension 
per g tension) so that limb girth can increase up to 2 or 3% without undue rise in gauge tension. 
Good quality rubber is essential to ensure reasonable life and negligible plastic deformation when 
stretched up to 5% of ite natural length. No. 1 Surgical Drainage Tube, with a bore and wall 
thickness of about 0-7 mm, can be used for multi-strand gauges, but the gauge resistance will be 
less than 1 Q if this material is used for two-strand gauges. Also, a 1% extension of this material 
is accompanied by a rise in tension of about 7 g. A much more satisfactory tubing is manufactured 
by Messrs Dunlop Special Products Ltd. This is a latex tube with a bore of approximately 0-5 mm, 
and a wall thickness of about 0-8 mm. A 1% extension of this material is accompanied by a rise 
in tension of only 2-5 g. Two-strand gauges for use on human limbs have an electrical resistance 
of 2-3Q when manufactured with this material. 


APPLICATIONS 
The use of the gauges for human limb girth measurement 

The manner in which the gauge can be mounted on the human limb is shown 
in Fig. 3. In order that limb contractions as well as limb expansions can be 
recorded it is necessary that the tubing of the gauge should always remain in 
tension during recording. In most circumstances this situation is achieved by 
initially mounting the gauge at a tension of 20-30 g, the tension in each strand 
of the gauge being, of course, this total tension divided by the number of 
strands in the gauge. This tension also serves to keep the gauge in position on 
the limb, no further location being necessary unless considerable movement is 
allowed to the limb. If, as may happen with continuous recordings over a long 
period of time, large changes in limb girth occur, the conditions of tension can 
be readily restored by manipulation of the adjusting nut of the gauge. This 
adjustment will ensure that the record of girth does not go off the photographic 
paper. It will be apparent that, if the amount made of such adjustment is 
recorded, the base-line after adjustment can be accurately related to the base- 
line before adjustment in terms of limb girth or limb volume. 

With two-strand gauges there is little difficulty in mounting the gauge on 
the limb so that both strands are at approximately the same tension. With 
multi-strand gauges, mounted on a longer segment of the limb, the variations 
_ in limb girth at different levels of the segment are readily accommodated by 
pulling the gauge rubber through the semicircular grooves of the sliding block 
on the gauge mounting until all the strands appear to be at approximately 
the same tension. It does not seem to be important to achieve precise equi- 
valence of tension in all the strands of the gauge, for direct physical measure- 
ment shows that the resistance of a gauge, for a particular total tension of 
mounting, is not appreciably altered if the distribution of this tension over the 
different strands is varied. It is, of course, necessary for all the strands to 
remain in tension during expansions and contractions of the limb. 
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If very free movement is to be allowed to the limb it becomes necessary to 
provide additional means for locating the position of the gauge on the limb. 
Narrow strips of adhesive plaster, bridging the gauge mounting and the strands 
at various places round the circumference of the limb and stuck to the skin on 
each side, appear to be adequate for this purpose (see Fig. 3). A gauge mounted 
in this manner has been left in position for hours without causing discomfort 
to the subject. The three-core cable (Fig. 1 (xi)) connecting the gauge with the 


Fig. 3. Method of mounting gauge on forearm and calf. The small size of the gauge and the 
convenience with which it can be worn by the subject are illustrated. The simple method for 
preventing slipping of the gauge along the limb, by means of strips of adhesive plaster, is also 
shown. | 


bridge unit should be sufficiently long to allow the subject the requisite 
freedom of movement and it should be securely anchored to the subject at a 
point near the gauge—this is conveniently done, if there is a collection cuff 
mounted on the same limb as is the gauge, by including the cable in one of the 
cuff wrappings. If a three-pin connector plug and socket are included in the 
three-core cable, the subject can, on occasion, be given complete freedom of 
movement without dismounting the gauge. 

The following procedure is adopted to ensure that the gauge is affixed to 
the limb at a known tension and to determine the girth of the limb at the 
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position of the gauge. The gauge is opened out by moving the shding block 
completely off its guides. The gauge mounting is then clamped in a stand so 
that the strands hang vertically from the mounting. The sliding block at the 
lower, looped end of the strands is then weighted to bring its total weight up 
to 25 g. With new gauge-rubber, the gauge is left hanging vertically in tension 
for 2 or 3 days to remove any irregularities in the strands. The gauge is then 
connected to its bridge circuit and, with the potentiometer R, set at the centre 
of its range, R, is adjusted for a null galvanometer reading. The dial knob 
position of R, is now identified for a gauge tension of 25 g, and the dial can, if 
it is so desired,sbe calibrated for tensions on either side of 25 g by varying the 
weights on the sliding block, the bridge being re-balanced for each particular 
tension by mabipulation of R, only. The'sliding block is now re-assembled on 
to the gaugelmounting—it will be apparent from Fig. 1 that the sliding block 
need not beidlisturbed for mounting the gauge on a limb, the gauge being 
opened out fo¥,this purpose by moving aside the hinged cover to the semi- 
circular grogy¢ gut into the block and so allowing the closed end of the rubber 
loop to be detaghed. 

The bridge biréuit having been balanced and calibrated for tension, the 
gauge is now*mounted on a rigid cylindrical former of suitable known cir- 
cumference. With R, (Fig. 2) set at the required tension (say, 25 g) the gauge- 
adjusting nat (Fig. 1(ix)) is loosened or tightened for a null galvanometer 
reading. The gauge is now mounted on the former at a tension of 25 g, and the 
basic length of the gauge at this tension is obtained by subtracting the distance 
between the sliding block and the gauge-mounting terminal ((viii) and (ii) 
respectively, Fig. 1(a)) from the known circumference of the circular former. 
When the gauge is subsequently mounted on a limb and adjusted to give a null 
reading with 25 g set, the circumferencve of the limb at the level of the gauge 
is immediately determined by measuring the distance between the terminal 
and the sliding block and adding this distance to the basic length of the gauge 
as determined at 25 g tension on the rigid former. 

The bridge-circuit settings and the basic length of the gauge, once deter- 
mined, remain valid for several days of use. The gauge characteristics do, how- 
ever, change slowly with time and usage and it is desirable to repeat the 
balancing procedure at regular intervals. In particular, the basic length 
appears to increase very gradually with use over an extended period. Corre- 
sponding adjustments in the bridge circuit should involve merely a re-setting 
of the variable resistor R,. 

Changes of limb volume are recorded by deflexions of the galvanometer 
about the null position which, of course, corresponds to the initial limb girth 
and volume. Usually a continuous record will be required, and photographic 
recording from a mirror galvanometer has been used for this purpose. Fig. 4 
shows the type of record obtained when the gauge is used for blood-flow 
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determination by the venous occlusion method. The sensitivity of the system 
is immediately variable by altering the voltage applied to the bridge. When 
recording high blood flows, a bridge voltage of only 0-1 V may be required, and 


/ 


j 


Fig. 4. Representative records obtained with gauges mounted on the forearm with venous 
occlusion, as for blood-flow determination. Time mark, 4 sec. The upper trace is a typical 
record from a single gauge when arterial occlusion is applied to the wrist followed by venous 
occlusion applied to the upper arm. The middle traces are for three separate gauges operating 
at higher sensitivity and show the pulse form obtained with the gauge. The lower traces are 
from two separate gauges with an accompanying trace for the venous occlusion pressure. 
The immediate response of the gauges is evident. 


a simple circuit for dropping to this voltage from 2 V accumulator supplies is 
indicated in Fig. 2. During a record, the bridge voltage must be maintained 
constant, since the galvanometer output is directly proportional to this voltage. 

In order to convert recorded galvanometer deflexions into equivalent limb 
volume changes, it is necessary to calibrate the apparatus at regular intervals 
during a continuous record. The need for such calibration was indicated when 
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the theoretical aspects of limb girth measurement were considered. During an 
expansion, the increase of gauge length will be less than the increase of limb 
girth because, in the expanded condition, the increase in gauge tension will 
cause additional compression of the soft tissues. Similarly, during limb con- 
traction, reduction in gauge length will be less than reduction in limb girth 
due to the fall in gauge tension. If, however, it can be assumed that the tissues 
are truly elastic over the range of compression to which they are subjected 
during measurements conducted with the gauge, then it can be shown (see 
Appendix IT) that the change in gauge length (8Z) will be proportional to the 
change in limb girth (8G), the ratio 5L/8G being dependent on the elasticity 
moduli of the gauge rubber and the soft tissues, on the actual girth of the 
limb, and on the proportion of bone (considered rigid) to soft tissue: 
5G Ke 
GM’ 

e, modulus of gauge rubber (g/cm width); M, modulus of soft tissues 
(g/cm*); G, girth of limb at gauge level (cm); K, constant, depending on pro- 
portion of bone to soft tissue at gauge level and equal approximately to 3 for 
10% of bone. a 

Frequent calibration of the gauge mounted on the limb is necessary to 
account for variation of the factors on which the value of 5G/8L depends. The 
principle on which calibration is carried out is as follows. Suppose that the 
gauge is mounted on a limb and that its tension has been adjusted to 25 g in 
the manner already described. The distance between the adjacent edges of 
the sliding block and the gauge-mounting terminal is then measured—this 
distance will be subsequently referred to as the ‘gap’. The length of the gap 
added to the basic length of the gauge—determined as described above— 
gives the limb girth (@) at the level of the gauge and measured at a tension of 
25 g. The gap is now increased or decreased by a definite amount—this can be 
done with adequate accuracy by turning the adjusting nut (Fig. 1(ix)) a 
definite number of complete turns, the pitch of the thread of the adjusting 
nut being known. If an alteration of the gap distance by ‘p’ mm causes a 
galvanometer deflexion of ‘a’ mm then the principle of gauge calibration 
assumes that this same deflexion of ‘a’ mm would be obtained if the limb 
girth altered by a percentage which, if measured under conditions of zero 
restraint, would be 100p/G%. In other words, the principle of calibration 
assumes that a galvanometer deflexion of ‘a’ mm is equivalent to an un- 
restrained alteration of limb girth of 100p/G%. The argument on which this 
assumption is based is given in Appendix II. Accepting this principle it 
follows that the percentage variation of limb girth (g,) corresponding to a 1 mm 
galvanometer deflexion will be: 100p/Ga%, ‘g,’ being the calibration factor 
required for the analysis of records taken with the gauge. If the suggested 
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relationship between girth and volume change is accepted, it further follows 
that the percentage change of limb volume (V,) corresponding to a 1 mm 
galvanometer deflexion will be equal to 2g, or to 200 p/Ga%. 

It has been mentioned above that the alteration of gap distances during 
calibration is effected by turning the adjusting nut of the gauge mounting. 
It should be added here that one turn of the adjusting nut does not alter the 
gap distance by an amount exactly equal to the pitch dimension of the screw 
on which the nut runs. The discrepancy arises partly from the fact that the 
sliding block moves on curved rails, but chiefly it is due to the fact that these 
rails need to be raised, for obvious constructional reasons, above the surface 
of the limb and because the bearings of the adjusting screw (Fig. 1(vi)) are 
raised even further above the surface of the limb. If the precise dimensions 
are known the discrepancy can be calculated on simple geometrical principles. 
A No. 7 B.a. thread (pitch 0-48 mm) has been used for the adjusting screw, and 
a radius of curvature of 4cm for the rails has been found suitable for all 
positions on the upper arm, forearm, thigh and calf of man. On the gauge 
mounting the rails are located 0-5cm, and the adjusting screw bearings 
1-0 cm, above the concave surface of the celluloid base (Fig. 1(v)) of the gauge 
mounting. With these dimensions one complete turn of the adjusting nut alters 
the gap distance by 0-40 mm, and this value, which can be calculated from the 
geometry of the mounting, has been confirmed by measurements of the output 
of a gauge mounted on an expansible metal former. The effective pitch of the 
adjusting screw does not alter by more than 1 % for different positions of the 
sliding block along the curved rails or for variations in limb girth between 
150-350 mm. 

The reliability of limb volume variations determined with the gauge 

The reliability of the gauge method for recording changes in limb volume 
depends, first, on the accuracy with which girth changes can be recorded ; and, 
secondly, on the validity of the assumed relationship between girth and volume. 
In connexion with the first question a series of purely physical measure- 
ments on the gauge has been carried out, the results of which may be sum- 
marized as follows: (a) If the strands of the gauge are disposed horizontally so 
that they can be stretched or relaxed by precise amounts, the gauge output is 
entirely in accord with theory, it being possible to deduce changes in length 
from the gauge output and the known physical characteristics of the gauge 
and its circuit with a high degree of accuracy. (6) If the gauge is mounted on 
a rigid cylindrical former, the circumference of which can be altered by known 
amounts; the gauge output is again in agreement with prediction both when 
the output is obtained by altering the circumference of the former and when 
it is obtained by altering the gap distance by manipulation of the adjusting 
nut of the gauge. (c) If the gauge is mounted on a former, of circular or approxi- 
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mately circular cross-section, but this time covered with a layer of sorbo 
rubber, and if calibration of the gauge is carried out in the usual way, it is 
possible to deduce changes in the circumference of the former from the 
observed gauge output. The discrepancy between actual and deduced changes 
was never greater than 2%, of the actual change. The agreement obtained 
between actual and deduced changes is considered to be very good, in view of 
the difficulty of producing known changes of circumference in the deformable 
sorbo rubber surface. 

To these physical tests may be added observations with the gauge mounted 
on an actual limb; gauge output being obtained by varying, with the adjust- 
ment nut, the gap distance at the gauge mounting as in normal calibration. 
Over a reasonable range of adjustment the gauge output is proportional to 
change in gap distance. From this it may be inferred that the living tissues 
behave as an elastic solid over the range of tensions likely to be employed in 
making measurements of limb girth. 

The physical tests described above indicate that the gauge, if suitably 
calibrated, is capable of measuring circumference changes in elastically 
deformable objects of cylindrical or subcylindrical shape. The observations 
made with the gauge mounted on a limb indicate that, within a reasonable 
range of compression, the limb is subject to truly elastic deformation. The 
gauge output should, therefore, be a valid indication of changes of limb girth, 
the accuracy of this indication being largely determined by the errors of 
calibration. These errors have been investigated by repeatedly screwing up and 
unscrewing the adjustment nut of the gauge by the same amount when the 
gauge is mounted on a limb. The variation of the calibration outputs for the 
same alteration of gap distance on the gauge mounting shows that the error 
of basing gauge calibration on the measurement of only three successive 
calibration outputs is less than 3°%,. 

The validity of the suggested relationship between girth and volume changes 
in a limb could be tested most effectively by mounting a gauge on a limb, the 
volume of which could be varied precisely by a perfusion technique. Since this 
method has not been found practicable for testing the gauges on human limbs, 
the reliability of the gauges in recording limb volume changes had to be 
assessed by comparing the performance of the gauge with that of the standard 
water-filled plethysmograph. Such a comparison of the new gauge method 
with the established plethysmographic method is, in any case, desirable in 
view of the considerable use that has been made of the plethysmograph in the 
past. This method of comparison, however, does not provide an entirely 
satisfactory test of the absolute volumetric accuracy of the gauge method, for 
it makes the assumption that the plethysmograph can provide an accurate 
estimate of limb volume change. The absolute volumetric accuracy of the 
plethysmographic method cannot be inferred from a theoretical consideration 
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of the system—in fact it can be shown theoretically (see Appendix II) that 
the water or air plethysmograph should always record a lower value than the 
actual limb volume change. On the practical side Lansdowne & Katz (1942) 
have indicated that considerable discrepancies can arise in deducing volume 
changes from the plethysmographic record. So far as is known no absolute 


check on the accuracy of the plethysmograph in recording limb volume change 
has yet been made. 


In checking the performance of the gauge against that of the water plethys- 
mograph the practical difficulty arises of obtaining strictly comparable 
measurements by the two techniques. The nature of this difficulty will become 
apparent in a consideration of the following section. 


Comparison of the gauge method with the water plethysmographic 
method for recording volume changes in the human forearm 


Two methods of comparison of the two techniques have been employed. 
With both methods the volumetric techniques were used in forearm blood- 
flow determinations by the usual venous occlusion principle. 


Method 1. Forearm blood-flow determinations using gauges only on the forearm. The conditions 
under which the determinations were made simulated, as nearly as possible, those described in 
Barcroft & Edholm (1943) for determinations using the water plethysmographic technique and 
may be summarized as follows: forearm and hand immersed completely in water maintained 
at 35° C, venous occlusion by a cuff applied to the upper arm at a pressure of 50 mm Hg, arterial 
occlusion by a cuff applied to the wrist at a pressure of 200 mm Hg | min prior to the venous 
occlusion in each blood-flow determination. In each determination three separate gauge records 
were obtained from three gauges mounted at 3 cm intervals along the middle segment of the 
forearm. 

Method 2. With this method simultaneous records of forearm volume changes with the two 
techniques were made. A conventional type of water plethysmograph, constructed of aluminium 
and Perspex, was used, the water seal at each end consisting of a thick rubber diaphragm and thin 
rubber sleeves stuck to the skin with rubber solution. Diaphragms and sleeves were carefully made 
to measure for each subject, and the usual precautions were taken in obtaining and analysing the 
plethysmographic record. The plethysmograph was adapted so that two or three separate two- 
strand gauges could be mounted, at roughly 3 cm intervals, on the segment of arm enclosed in the 
plethysmograph. The gauges could be adjusted and calibrated without appreciable disturbance of 
the plethysmographic equipment. The plethysmographic space was filled with water and the 
complete hand and forearm immersed in a water-bath maintained at a constant temperature 
during recordings. The latter were obtained for the typical venous occlusion blood-flow determina- 
tion procedure, carried out at various bath temperatures and either with or without an arterial 
occlusion cuff applied to the wrist. Each set of simultaneous volume/time records consisted, 
therefore, of one plethysmographic record on kymograph paper and two or three gauge records 
on the photographic paper. 


Results 


The results obtained with Method 1, obtained by the analysis of forty-four 
sets of gauge records (each set comprising three separate and simultaneous 
gauge records) made on five subjects, are summarized in Table 1. The table 
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includes values obtained with the water plethysmograph by Barcroft & 
Edholm (1943) under similar conditions to those employed with the present 
determinations. 


Tasie 1. Human forearm blood flow, arm fully immersed in water at 35° C 


Summary of values deduced from gauge records taken for forty-four determinations on five 
subjects. The corresponding values given for the water plethysmograph are taken from data in 
Barcroft & Edholm (1943), these date being from sixty-eight determinations on five subjects. All 
Values in tal. 

Mean 8.8. of 8.D. of 
flows 


flow mean of flows 
Proximal gauge 3-40 0-23 1-53 1-82-7-70 
Middle gauge 3-32 0-19 1-25 1-69-7-01 
Distal 3-19 0- | 82-5-08 
Mean all gauges 3-30 0-17 1-13 1-94-6-40 
Water plethysmograph 40 1-5-7-0 


Reference to Table 1 shows that there is fair agreement between the two 
techniques, having regard to the circumstance that the subjects were different 
for the two techniques, agreement being seen both in the mean flow deduced 
for all determinations and in the range of blood flow which was encountered 
in the separate determinations. It seems probable that if determinations with 
the water plethysmograph had been made on the five subjects employed in 
determinations with the gauges a closer agreement between the two techniques 
would have been obtained. 

A second feature of the gauge results noticeable in Table 1 is the general 
similarity of the results obtained at the three different levels of the middle 
segment of the forearm. Although there is an indication of a gradual decrease 
in the recorded flow towards the more distal part of the segment, this is not 
statistically significant. The value for the combined gauge flow, i.e. the average 
of the means of each set of three flows, is almost identical with mean flow 
deduced from the middle gauge records. A single two-strand gauge mounted 
on the middle of the forearm should, therefore, give blood-flow records which 
are representative of a segment of the forearm several cm in length. It cannot, 
of course, be assumed that this degree of axial uniformity exists in other parts 
of the body, and the results discussed above indicate how effectively the 
narrow, two-strand gauge could be used to detect departures from axial 
uniformity. 

The results obtained by Method 2 for the comparison of the new with the 
old volumetric technique are summarized in Fig. 5, in which the forearm blood 
flow deduced from each separate gauge record is plotted against the value 
deduced from the simultaneous plethysmographic record. A linear relation- 
ship between the values obtained with the two techniques is apparent—linear 
correlation coefficients, either between the separate gauge values and the 
plethysmographic values, or between the mean gauge values lie between 0-80 
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and 0-95, and are therefore highly significant statistically. The differences 
between the slopes of the linear regression lines for the three gauge positions 
are not, however, significant. The line fitted to the data in Fig. 5 is for the 
mean gauge value against the plethysmographic value, and this shows that 


Blood flow deduced from gauge record 
(mi./100 mi. tissue/min) 


0 A i 


0 1 2 3 4 5 
Blood flow deduced from plethysmograph record 
(mi./100 ml. tissue/min) 

Fig. 5. Human forearm blood flow: values deduced from gauge records plotted against values 
deduced from simultaneous water plethysmograph records. The value for each separate gauge 
is plotted against its corresponding plethysmographic value, two or three gauge values being 
obtained for each plethysmographic value. Data are from fifty sets of determinations on two 
subjects. 


blood flows (and, therefore, volume changes) recorded by the gauges are con- 
sistently about 50% higher than simultaneous values deduced from the 

p'ethysmographic record. 
The results obtained by Method 2 for comparing the two techniques are, 
therefore, at variance with those obtained by Method 1, in which tolerable 
PH. OXXI, 2 
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agreement between the two techniques was indicated. In the simultaneous 
comparison of the two techniques, carried out in the manner described, the 
gauge values, though proportional to the plethysmographic values, are no 
longer equal to these values. Either, therefore, there is a moderately consistent 
discrepancy in the values obtained with one of the techniques—in which case 
it would be necessary to account for the agreement noted in the results of 
Method 1, or else Method 2 is not a valid means of comparing the two 
techniques. The following considerations suggest that Method 2 is not valid. 

(a) It will be seen from Fig. 5 that there is considerable scatter about the 
fitted regression line—on some occasions the gauge value is equal to the 
plethysmographic value, on other occasions the former may be twice the latter. 
It is difficult to account for this variation except on the grounds that there was 
mutual interference between the two techniques, and that this interference 
was variable in extent. It is not possible to say which technique was chiefly 
affected by the interference, but it is difficult to visualize how the presence of 
the gauges could influence the plethysmographic record. 

(b) There is some direct evidence that the presence of the plethysmograph 
on the arm interfered with the operation of the gauges. In discussing the 
results from Method 1 it was noted that the simultaneous gauge values at 
different levels of the middle segment of the forearm were almost equal, the 
values showing only a slight tendency to decrease from the proximal level to 
the distal level. With Method 2 bigger differences between the levels were 
obtained, and the gauge value obtained from the middle level was typically 
higher than the values recorded simultaneously from both the proximal and 
distal levels, the middle level values being, on the average, 7-7 %/, higher than 
the corresponding values recorded at the proximal level and 7-2°, higher than 
the distal level values. The statistical significance of these differences has been 
examined by using the analysis of variance to compare the regression coeffi- 
cients (relating gauge values to plethysmographic values) for each pair of 
gauge levels. This analysis showed that, although the slopes of the three 
regression lines are not significantly different, the intercept of the middle gauge 
regression line on the ordinate (i.e. the ‘Gauge Value’) axis is significantly 
higher, at about the 1% level of significance, than the intercepts of the 
proximal and distal gauge regression lines. 

These observations suggest that the presence of the plethysmograph interferes 
with the normal pattern of volume change at different axial levels of the limb. 
It is reasonable to suppose that the chief source of interference is the sealing 
sleeves closing the ends of the plethysmograph, the sleeves exerting local restriv- 
tion on volume changes resulting from the venous occlusion procedure used in 
the blood-flow determinations. The effect of this restriction on the accuracy of 
the plethysmographic record is discussed in Appendix II (see section heade« : 
‘Errors of water or air plethysmograph records’). It has not been possible to 
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estimate theoretically what effect such local restriction would have on the 
accuracy of the gauge record. It would be expected, however, that gauges 
mounted near to the sealing sleeves would record a lower local volume change, 
for a given volume change in the limb as a whole, than they would in the 
absence of the sleeves, and this effect would seem to account for the difference 
between the axial patterns of volume change in the forearm obtained with the 
gauges in the presence and absence of the plethysmograph. The effect of the 
sleeve restriction on the volumetric accuracy of the gauges could be extreme, 
for the theory on which the use of the gauges is based (see Appendix II) 
assumes that the only external restriction to volume changes in the limb is that 
exerted by the gauge itself, the effect of this restriction being accounted for in a 
calibration procedure which simulates the alterations, in the restriction exerted 
by the gauge, which would be produced by actual changes in limb volume. The 
additional restriction imposed by the plethysmograph sleeves therefore falsifies, 
to an unknown and probably variable extent, some of the assumptions on 
which the theory of the use of the gauge is based, and the alterations of this 
plethysmographic restriction with changes in limb volume are obviously not 
taken into account as a result of gauge calibration. 

On the basis of the above argument it seems reasonable to conclude that the 
results of Method 2 are not indicative, either of the comparative accuracies 
of the gauge and plethysmographic techniques, or of the absolute volumetric 
accuracy of the gauge technique. The results of Method 1, in which the gauges 
were employed in a normal manner, do seem to indicate that results obtained 
under these circumstances should be of the same order as would be obtained 
with the plethysmographic technique. On the available experimental evidence 
it therefore seems reasonable to conclude that the gauge technique offers a 
sufficiently reliable method for recording changes in limb volume. This con- 
clusion, which must be regarded as tentative until further use has been made 
of the gauge technique and until better means have been devised for assessing 
its absolute accuracy, is supported by the sound theoretical background on 
which the use and operation of the gauge can be based, and is further supported 
by the favourable results obtained when the gauge technique is tested in the 
measurement of inanimate objects under conditions very similar to those 
under which the living limb is measured. 


The advantages of the gauge technique as compared with the 
plethysmographic technique 
In view of the criticisms which have been made, in the opening paragraphs of 
this paper, of the established plethysmographic technique, it will be appro- 
priate to summarize here the relative advantages of the gauge technique. 
Some of these advantages will have become evident during the preceding 


discussions of the construction and use of the gauges. In enumerating these 
2-2 
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advantages of the gauge technique the tentative conclusion will be assumed 
that the technique has a volumetric accuracy at least as good as that attainable 
with the current air or water plethysmograph. Application of the volumetric 
techniques for determining peripheral blood flow by the venous occlusion 
procedure and for investigating vasomotor changes are particularly stressed in 
the following list of suggested advantages: 

(a) The gauge is small, light in weight, and does not cover a large area of the 
surface of the limb under examination. These features ensure that the gauge 
can be ‘worn’ by the subject for long periods without undue exertion or dis- 
comfort, that free movement on the part of the subject is not unduly restricted, 
and that normal relations of the surface of the limb with its surrounding 
environment are not appreciably influenced by the presence of the gauge on 
the limb (e.g. heat exchanges between the surface of the limb and its sur- 
roundings will not be seriously affected by mounting a gauge on the limb). 

(6) The gauge can be rapidly mounted and dismounted from the limb, and 
the conditions of mounting—position on the limb and tension of the gauge— 
are readily controllable and accurately repeatable. Total mounting and 
- adjusting time can be limited to less than 1 min in the case of the gauge, 
compared with a minimum of about 15 min which is required in the case of the 
simplest and most convenient plethysmograph. Moreover, owing to the 
simplicity of the electrical connexions which have to be made, the gauge can 
be mounted and adjusted on the subject at any time previous to the experi- 
mental period without unduly restricting the movements or occupation of the 
subject, connexion of the gauge with the recording apparatus being then 
possible within a few seconds of the experimental period. Since the conditions 
of mounting can be repeated with reliability the gauge could be employed as 
an accurate ‘measuring tape’ for recording changes in limb girth from day to 
day as, for example, in the investigation of oedematous conditions. If the 
subject is to be allowed much freedom when the gauge has been mounted it is 
advisable, as has been pointed out, to apply narrow adhesive strips to the skin, 
bridging the rubber strands at a number of points round the circumference. 
This procedure does not greatly increase the time required to mount the gauge. 

(c) It is necessary, in the case of the plethysmograph, to avoid relative 
movement between the limb and the plethysmograph. This requirement 
typically leads to a considerable degree of immobilization of the limb. The 
light weight and small size of the gauge, and the flexibility of its electrical 
connexions ensures that the limb and gauge can move together without 
appreciable relative movement between the two. 

(d) The electrical connexions between the gauge and the recording apparatus 
can be several yards long. This advantage confers considerable latitude in the 
placement of and in the movements allowed to the subject. It also means that 
all apparatus, apart from the gauge itself, need not be seen by the subject. 
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(ec) With the gauge technique it is possible to record limb volume changes 
over a considerable period without any practical limitations on the extent of 
the volume changes or on the temperature conditions to which the subject is 
exposed. This is made possible by the ease and comfort with which the gauge 
can be worn for long periods, by the trivial extent to which the presence of the 
gauge interferes with physical exchange (e.g. of heat) between the subject and 
the environment, and by the temperature compensation of the gauge. Positive 
adjustment of the gauge base line enables considerable volume changes to be 
continuously recorded without debasing the sensitivity of the system to keep 
the record on the recording paper. 

(f) The gauge technique can be readily employed to record volume changes 
in very short limb segments, several simultaneous records from different parts 
of the same limb being obtained if necessary. In other words, greater dis- 

| crimination can be achieved with the gauge than is possible with the plethys- 

mograph. The gauge can also be mounted in positions (e.g. upper arm or thigh) 

where placement of a plethysmograph would be difficult, inconvenient or 
impossible. 

(g) With the gauge technique it is not necessary to measure the volume of 
the limb segment under examination. 

(h) The system of gauge calibration simulates, in all theoretical essentials, 
an actual volume change of the particular limb segment under examination. 
This feature, which has obvious advantages on the score of accuracy, is not 
possible in the case of the plethysmograph. 

The chief criticism which can be made of the gauge technique is that, unlike 
the plethysmograph, it does not measure volume change directly. The evidence 
already given in this connexion suggests, however, that volume changes deduced 
from the gauge record of girth change are probably of acceptable accuracy. 

Whilst it appears possible to employ the gauge technique, often with con- 
siderable advantage, under practically all the circumstances in which the 
plethysmograph has hitherto been used on the human subject, and whilst the 
technique can be used under some circumstances in which use of a plethysmo- 
graph would be inconvenient or impossible, certain limitations of the method 
should be mentioned here. For example, there is no obvious possibility of 
/ using the gauge to record changes in the whole hand or in the whole foot in the 

manner which is possible with the plethysmograph. It will also be obvious 

that the gauges cannot be used on parts of the body (e.g. in the neighbourhood 

of certain joints, such as the ankle or knee joints) where the encircling rubber 

strands cannot make contact with the limb surface at all parts of the cir- 
, cumference. It is possible that reliable records could be obtained with the 
gauge under these circumstances if the hollows in the surface are filled out with 
an elastic material (such as sorbo rubber), but this expedient has not, as yet, 
been investigated. 
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The use of the gauge for measuring tissue elasticity 
Although it is not immediately relevant to the subject of limb volume 
measurement, one further application of the mercury-in-rubber strain gauge 
will be considered here—the measurement of tissue elasticity. 
It has been pointed out above that the change in length of the gauge (5L) 
can be related to the change in girth of the limb (5G) by the following equation: 
=1+ Ke/GM, 


and it has been indicated that the same relationship holds between an alteration 
made in the length of the gauge gap with the adjustment nut and the change 
in gauge length which this adjustment produces. It will be obvious that, if the 
gauge is mounted on a rigid cylindrical former, the change in gauge length will 
be equal to the adjustment made. The following relationship can then be 
derived from the equation given: 

Galvanometer output per mm adjustment on rigid former 

Galvanometer output per mm adjustment on limb 

In this equation, ‘G’ (girth of limb) is determinable by the method described 
above. The elasticity of the gauge rubber per unit width (e) can be found by 
direct physical measurement, and ‘K’ can be estimated from the proportion 
of bone to soft tissue for the segment of the limb under examination; it being 
sufficiently accurate to make use of standard anatomical diagrams for this 
purpose (e.g. Morton, Truex & Kellner, 1941). The value of ‘M’—the Young’s 
modulus for the soft tissues of the limb can, therefore, be deduced. The 
modulus so derived will, of course, be a combined value for the different soft 
tissues of the limb segment. In most cases, however, muscular tissue will 
predominate and the modulus obtained probably relates largely to this tissue. 
A few determinations of muscle modulus made in this way on two subjects 
_ indicate values for the modulus of the human forearm muscles between 600 and 
900 g/cm*. It has not been possible to compare these values with comparable 
measurements made on muscle by other workers because the relevant data 
provided with, for example, published load-extension curves for isolated 
muscle are usually inadequate for the computation of a modulus. It isinteresting 
to note, however, that the modulus for the toad sartorius muscle at its natural 
resting length appears to be approximately 500 g/cm? (rough calculation from 
fig. 5 of Hill, 1949), and that the modulus deduced from the load-extension 
curve for the tibialis of the rabbit (Crawford, unpublished data) is approxi- 
mately 700 g/cm’. 


=1+Ke/GM. 


SUMMARY 
1. The subject of volume change measurement in human limbs is briefly 
reviewed and a new method, employing the mercury-in-rubber strain-gauge, 
is described. With the new method, percentage changes in limb girth are 
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measured directly and percentage changes in limb volume are deduced on the 
assumption that percentage change in limb volume is twice the percentage 
change in girth. 

2. The following advantages are claimed for the new method, comparison 
being made in particular with the water or air plethysmograph: : 

(a) The apparatus mounted on the limb is much less cumbersome and 
normally consists only of a narrow, flat bracelet. 

(6) The apparatus is very rapidly assembled on the limb and can remain 
attached to the hmb during most movements and other working activities. 
Records of limb volume can be obtained immediately following cessation of 
such activities or, in many instances, actually during such activities. 

(c) A system of temperature compensation is applied with the new method 
which allows accurate measurement of volume change without the imposition 
of restrictions on the temperature or on temperature changes in the limb. The 
gauge itself covers only a small area of the limb under examination and the 
gauge can be worn under loose clothing. 

(d) The gauge itself is the only part of the apparatus which needs to be near 
the subject. Connexion of the gauge with the recording apparatus can be made 
by a single multicore cable several yards in length. 

(e) The gauge records a percentage change directly. It is therefore un- 
necessary to measure separately the volume of any limb segment under 
examination. In addition, the percentage change as measured by the gauge is, 
on theoretical grounds, an accurate estimate of the unrestrained percentage 
change. The absolute limb volume change, as recorded by the water or air 
plethysmograph, must be dependent on the degree of restraint imposed on 
limb volume changes by the presence of the measuring apparatus. 

(f) The system of calibration possible with the gauge simulates very closely 
a known limb volume change under the actual conditions of measurement. 
Such simulation is not possible with the water or air plethysmograph. 

3. The theory on which the gauge method is based is fully examined and 
certain aspects of the theory have been checked by physical tests. No dis- 
agreements with the theory have been found. 

4. The gauge method has also been checked by comparing its performance 
with that of the water plethysmograph in estimating human forearm blood 
flow. Ideal conditions for the comparison could not be achieved for practical 
reasons, but the results obtained with the two methods do not suggest that 
volume changes deduced from the gauge record are grossly different from those 
which would be recorded, under the same circumstances, by the usual type 
of water plethysmograph. a 

5. The use of the gauge for measuring tissue elasticity of living human 
limbs is briefly described. 
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APPENDIX I 


the segment is not circular 


If the length of the segment remains constant, the change in volume will be directly proportional 
to the change of cross-sectional area. Consider the division of the transverse section into a large 
number of narrow triangular elements by drawing radii from some point, O, lying within the 
circumference of the section (see Fig. 6). Let OAB be one such triangular element; AB being a small 
part of the circumference of the whole section. Consider 
an increase of the area of the whole section without _—_ 
change of shape. The element 0AB changes, with such an ~ 
increase, to OA’ B’. If the shape of the section is to remain A 
unaltered, the length of all radii drawn from O must in- 
crease in the same proportion, i.e. 
AA’ BB 
OA” OB 
It follows from simple geometrical principles that A’B’ 
will be parallel to AB. Let AB and A’B’ be produced to 
meet OCC’ at right angles. 
For the triangular element of the section: 


A'B’ OA’ OA+AA’ 


=k, (1) 


or A’B’ = AB(1 +k), (2) 

that is 

Increase in length of portion of circumference 

Initial length of portion of circumference 0 


Similarly or 00’=00(1 +2). 
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From (2) A’B = AB(1 +k). 
Therefore $00’. A’B’ =400. AB(1 +k)*. (4) 
If the increase in size of the section is small, (1 + k)* = 1 + 2k. From (4) 
$00’. A’B’-400.AB 
40C.AB ney 
Increase in area of triangular element 
ad Initial area of triangular element ie (5) 
Thus, for each triangular element of the section, it appears (from eqns (3) and (5)) that the 
proportionate increase in area of the element is, to a close approximation for small proportionate 
increases in area, equal to twice the proportionate increase of that part of the circumference of the 
whole section which is included in the element. Therefore, by summing over all the elements of 
the section, if an increase, 3G, in the initial circumference, G, of the section accompanies an 
increase, 5H, in the initial area, H, of the cross section, then 
8H 


to a close approximation for small 8H. Since, for uniform length of segment, 83H/H =8V/V if8V/V 
is the proportionate increase in the volume of the segment, then 


V G 
to a close approximation if 8V is small compared with V. 


2k, 


APPENDIX II 
The relationship between actual and measured limb girth changes 

For theoretical purposes, the limb is considered to be a cylinder of radius R, (em) with a rigid 
concentric core (the bone) of radius nR, covered by a layer of elastic material (the soft tissues) of 
modulus M (g/cm*). The amount of elastic tissue in a given length of the cylinder can be increased 
or decreased; the whole of the increase or decrease being accommodated by a corresponding 
change, 5R,, in the radius of the cylinder, if the change is not accompanied by a change in pressure 
on the curved surface of the cylinder. If such a change in pressure occurs, so that the cylinder 
tends to change in length as well as in radius, then it is supposed that these changes in length of 
the elastic material are completely unopposed. It is considered that these conditions provide a 
good approximation to the circumstances prevailing for actual limb volume changes. 

It can be shown, by the straightforward application of the mathematical theory of elasticity 
to such a system, that the effect of a pressure P (g/cm*) exerted on the curved surface of the 
cylinder is to reduce the initial radius, R,, of the cylinder by an amount aP where 
_R, (1-n*\(1-0%) a) 

M (1 +a) -nX{1 

‘o’ is the Poisson ratio for the elastic material and is equal to 0-5 if the volume of the material 
remains unaltered under stress. Such an assumption seems reasonable for living tissues subject 
to the small stresses which will be considered. The eqn (1) can therefore be simplified to 

3(1 —n*) 

(3 (2) 

The cylinder is now encircled by an elastic band (the gauge) of modulus ¢ (g/cm width) at a 
tension 7’ (g/em width). Due to the pressure under the band, the radius of the cylinder is reduced 
from R, to R. Since the pressure exerted by the band on the cylinder is T/R (according to the law 
of Laplace) it follows that 


where A= 


aT 
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The elastic part of the cylinder is now subject to an expansion which, with the cylinder un- 
restrained externally, would result in an increase in radius of 8R,. With the restraint imposed by 
the band, the radius under the band increases by only 3S and the tension in the band increases 
by 57 =¢.2n.85/2nR =e.38/R. Then obviously, from eqn (3): 


(Ry +8R,) =(R +88) | (4) 


Dividing (4) by (3) and simplifying: 


8S R(R+8S8)+ale-T) 
R, ©) 


The gauge, at tension 7' and radius R, is calibrated on the cylinder by approximating its ends 
by a known amount and noting the galvanometer output due to the stretching of the gauge. To 
simplify the argument, it is supposed that the gauge ends are approximated by 27.3R, 8R being 
chosen so that the gauge itself is stretched by 27 .8S, the gauge tension rising during calibration by 
87 =¢.8S/R. It will be obvious that a gauge length increase of 27.88 during calibration corre- 
sponds to an increase of cylinder girth of 27.5R under uniform tension 7’, for the rise in gauge 
tension attending such an increase in cylinder girth could be exactly eliminated by increasing the 
distance between the ends of the gauge by an amount 27.5R. Therefore, the galvanometer output 
on calibration (which is directly proportional to 27 .8S, the amount by which the gauge is stretched) 
corresponds exactly to an increase of cylinder girth, 27.5R, measured at a constant tension 7’. 
2m .88 is, by definition, the increase in cylinder girth, measured at tension (7' + 57’), corresponding 
to an unrestrained increase in cylinder girth of 27.8R,. The gauge calibration procedure therefore 
deduces a measured girth change of 27.3R/27.R =5R/R for an actual, unrestrained girth change 
of 27.5R,/27.R,=—8R,/R,. Theoretical validation of the gauge method therefore depends on 
establishing that 5R/R is approximately equal to 3R,/R,. 

In the preceding paragraph, it was established that a cylinder girth of 2x(R +R) at tension 7 
becomes a girth of 27(R +88) at tension (7' +87’), where 87 =e.8S/R. Obviously, 


(R +8R) =(R +88) + ae .35/R*, (6) 
5R.R* 

(R* + ae)” 

Eqn (5) can now be rewritten. Substituting 8S from (6), putting a=RA/M and making the 
allowable approximation (R + 38S) =R we obtain 


or 


R MR+Ale+T) + 


For practical values of M, R, A, e and 7 the term A*e7'/MR is quite insignificant compared 
with (MR + A(e+T)} and can therefore be ignored. Also, e and 7' are not entirely independent 
in practice, for the gauge must be stretched sufficiently to allow decrease of limb girth to be 
followed. 7’ is, therefore, replaced by et, where ¢ has a lower limit of the order 0-02 (corresponding 
to an initial stretching of the gauge by 2% to accommodate limb volume decreases up to 4%). 
Substituting for 7 and making allowable approximations 

2t 

Eqn (8) establishes that the measured change of limb girth (8G/G =3R/R) recorded at a tension 
T =te, is greater than the actual change in limb girth (8G,/G, =3R,/R,). In practice, however, the 
difference is very small, e.g. putting in (8): ¢=0-02, M=800 g/cm*, R=4 cm, A =0-48 (corre- 
sponding to n =0-25) and e = 2000 g/cm, it will be seen that 5G,/G, =0-992 8G/G. Thus, for practica! 
conditions, the measured limb girth change is within 1% of the actual limb girth change. Limb 
volume changes deduced from the gauge record will also be within 1 % of the actual changes. 


(8) 
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Errors of water or air plethysmograph records 

The conditions operating when a limb expands in an air or water plethysmograph are somewhat 
obscure. It is not clear, for example, if the rigidity of the diaphragms closing the ends of the water 
or air-filled chamber can always be assumed. One point can, however, be examined on the basis of 
the theory outlined above—the effect of the sealing sleeves attached to the diaphragms. These 
are usually fabricated of thin rubber sheet, and many previous workers have emphasized the need 
for putting the sleeves on at the lowest possible tension. Employing the same nomenclature as 
previously, it is supposed that the unrestrained increase of limb radius is 5R,, and that this is the 
actual expansion of the limb mid-way between the two sealing sleeves. At the diaphragms the 
radius will increase by 5S only, the relationship between 5R, and 38 being derived from eqn (5) 

above. After substituting for ‘a’ from eqn (2), we obtain 
5R, + A(e T)/ MR}. (9) 
Appropriate values appear to be: A=0-48, e=1000 g/cm, 7'=100 g/cm, M =800 g/cm* and 
R=4cm. For these values 3S is 14% less than 8R. Since there is no restraint mid-way between 


the diaphragms, the effect of the sleeves averaged over the length of the limb segment will be 
about one-half the restraint at the sleeves. Thus the increase in limb volume recorded by the 


7 plethysmograph will be about 7 % less than the actual increase in limb volume. Since the limb 


volume is measured separately, this error will be perpetuated in any deductions (e.g. blood flows) 
from the record. In this respect, the greater accuracy of the gauge method compared with the 
plethysmograph method is seen to be due to the smaller effect which restraint has on relative 
compared with the absolute changes. 


Effect of relative amounts of elastic and non-elastic tissue 
The equation given in the main paper relating change in gauge length (8) to change in limb 
girth under gauge tension (3G) is derived directly from substitution for ‘a’=RA/M in (6), and 
subsequent substitution of G =27R and K =22A: 


8G Ke 
(10) 


The value of ‘ K’ in this equation varies with the ratio of the rigid core radius to the total cylinder 


radius. For practical purposes ‘KX’ can be expressed in terms of the percentage of non-elastic 
material (bone) in the segment being measured: 


% of bone ( = 100 n*) 5% 10% 16% W% 2% 
K[ =3n(1 — n*)/(3 n*)] 303 486292 281 269 2-657 


In practice, measurements of limb volume changes are confined to fleshy parts of the limb, where 
the percentage of bone is comparatively small. For example, measurements made on cross- 
sections of the human forearm at different levels show that the percentage of bone varies between 
5 and 10% over the 20 cm of the forearm situated mid-way between wrist and elbow joints, When 
using eqn (10) to deduce tissue elasticity (M), therefore, it will usually be sufficiently accurate to 
assume @ value of 3-00 for ‘K’. In limb girth and limb volume change measurements carried out 
with the gauge, variations of‘ K’ are, of course, compensated for by the gauge calibration procedure. 


The author is indebted to Mr S. N. Higgins of the Army Operational Research Group for the 
formula for ‘a’ employed in this Appendix. 
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THE DIABETOGENIC ACTION OF PURIFIED GROWTH 
HORMONE IN ADRENALECTOMIZED ANIMALS 


By MARY F. LOCKETT, E. REID* ann F. G. YOUNG 
From the Department of Materia Medica, University of Glasgow 
and the Department of Biochemistry, University of Cambridge 


(Received 15 September 1952) 


The early experiments of Shipley & Long (1938) and of Young (1939, 1945) 
indicated that the diabetogenic factor of anterior-pituitary extracts might be 
identical with pituitary growth hormone, and in 1949, Cotes, Reid & Young 
showed that highly purified growth-hormone preparations had diabetogenic 
activity in the intact cat. 

Houssay and collaborators showed that the diabetogenic action of crude 
anterior-pituitary extracts could still be demonstrated in partially depan- 
creatized adrenalectomized dogs (Houssay & Biasotti, 1938; Houssay, Foglia 
& Pasqualini, 1946). But this action of pituitary extracts was not demon- 
strable after adrenalectomy in depancreatized cats (Long, 1937) or partially 
depancreatized rats (Long, Katzin & Fry, 1940) given no cortical hormone, and 
was diminished in adrenalectomized, partially depancreatized cats given 
cortical extract (Lukens & Dohan, 1942). In our opinion partially depan- 
creatized preparations are not entirely satisfactory for tests of diabetogenic 
activity, and it was decided to test the diabetogenic action of purified growth 
hormone in adrenalectomized animals in which no partial pancreatectomy had 
been performed. Both cats and dogs were examined, female animals being 
ovariectomized before the investigation. 


METHODS 


Animals. The dogs and cats were kept in metabolism cages, and urine collections made over 
consecutive periods of 24 hr. Blood samples were withdrawn from malleolar veins between 9 and 
9.30 a.m. after a 12 hr fast. Food was given in two equal parts, morning and evening, and con- 
sisted of measured amounts of raw meat for the dogs, and of meat, fish and milk for the cats. 
Both the cats and the dogs maintained constant weights throughout the experimental periods. 
The room temperatures during the two test periods, before and after adrenalectomy, varied from 
21 to 24° C in all experiments. 


* Beit Memorial Research Fellow. 
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Hormone preparations, Growth hormone was prepared by the method of Wilhelmi, Fishman & 
Russell (1948) and was injected intraperitoneally as a sterile Seitz-filtered solution. Adrenal 
extract (Eucortone, Allen and Hanbury Ltd.) was injected intramuscularly, twice daily. Aseptic 
precautions were observed. 

Operations. In dogs, anaesthesia was induced with intravenous thiopentone, and was main- 
tained with intratracheal cyclopropane-oxygen mixture administered in a closed circuit. Cate 
were anaesthetized with intraperitoneal pentobarbitone. In both species bilateral ovariectomy 
was performed through 4 mid-line lower abdominal incision and adrenal glands were removed 
through lumbar incisions, 1 week being allowed to elapse between the removal of the left and right 
adrenals, except in cat no. 20 in which both adrenals were excised in one operation. Strict asepsis 
was maintained in all operative procedures and the recovery of the animals was always uninter- 
rupted. Substitution therapy with cortical extract was instituted 2 days after the completion of 
total adrenalectomy, sufficient cortical extract being given each day to maintain the animal in 
good health and appetite when fed the standard diet without added salt. The values for plasma 
chloride and haematocrit were generally similar to those of the control period before adrenal- 
ectomy (Tables 1 and 2), but higher values for blood non-protein nitrogen were observed in the 


TaBie 1. Data for dogs treated with growth hormone 
Plasma chloride Blood NPN 


Eucortone (mg NaCi/ (mg N/ Haematocrit 
Condition of animal (ml./day) 100 ml.) 100 ml.) (cell vol. %) 
Dog 14. Before adrenalectomy : 
Resting period 0 592 (585-601)* 29 (27-32)* 44 (42-52)* 
imental period 0 579 26 40 
bined results 587+3 (8)T 28+1-2(6)f  43+41-2 (9)t 
Dog 14, After adrenalectomy: 
Resting period 2-0 595 (588-602) 37 (35-39) 41 (38-43) 
Experimental period 3-0 614 (610-216 40 (37-43) 40 (39-41) 
bined results = 604 + 6 (7) 38+ 1-0 (5) 40+0-7 (8) 
Dog 15, Before adrenalectomy: 
Resting period 0 578 (573-583) 38 (36-41) 44 (38-50) 
Experimental period 0 591 (586-596)  35(33-37) 42 (35-46) 
bined results 58143 (7) 37+1-1 (6) 43+1-9 (8) 
Dog 15, After adrenalectomy : 
Resting period 3-0 565 (563-568) 69 (64-73) 38 (37-39) 
period 70 586 (560-604) 57 (54-62) 35 (33-36) 
bined results . = 577 +6 (7) 62+3-0 (5) 36+0-5 (8) 


* Range of observations. 
+ Standard error of mean (and total number of observations). 


dogs (Table 1). In general 2-0-3-0 ml. of Eucortone per day was needed for the dogs and 
3-0-4-0 ml. per day for the cats. The dose of Eucortone was increased during treatment with 
growth hormone (Tables 1 and 2), although there was no actual evidence for an increased 
requirement during this treatment. 

Estimations. Plasma chloride was estimated by the starch-iodine method (King, 1946) or by 
electrometric titration, and plasma proteins were estimated as described by King (1946). Blood 
sugar was determined by the method of Hagedorn & Jensen. The glucose content of the urine was 
estimated by Meyer’s modification of Benedict’s quantitative method. Ketonuria was tested for 
by Gerhardt’s test in the experiments with cats, and by Rothera’s test in the experiments with 
dogs, but was never observed, even during treatment with growth hormone. 
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RESULTS 
The diabetogenic action of growth hormone in ovariectomized 
bitches before and after adrenalectomy 

Mongrel bitches, nos. 14 and 15, were ovariectomized. Five weeks later the 
changes in the venous blood-sugar following the morning meal were observed 
(Fig. 1). The urine was found to be free of sugar. Thereafter, the animals were 
given single daily injections of 25 mg of growth hormone for 5 days. Dimin- 
ished glucose tolerance was evident in 48 hr (bitch no. 14) or 36 hr (bitch 


Taste 2. Data for cats treated with growth hormone 


| Eucortone Plasma chloride 
_ Condition of animal (ml./day) (mg NaCl/100 ml.) 
Cat 18. Before adrenalectomy : 
Resting period 0 583 (580-586)* 
Experimental period 0 584 (582-586)* 
mbined results | 58442 (5)t 
Cat 18. After adrenalectomy: | 
Resting period 3-0 577 (572-580) 
period 3-5, later 4-0 578 (561-587) 
mbined results 57742 (8) 
Cat 19. Before adrenalectomy : ; 
Resting period 0 603 (601-605) 
Experimental period 0 607 
mbined results 605 +1 (6) 
Cat 19. After adrenalectomy: 
ing period 3-0 593 (590-597) 
rimental period 4-0, later 4-5 597 (578-606) 
mbined results — 595+ 2 (7) 
Cat 20. Before adrenalectomy : 
Resting period 0 601 (597-607) 
imental period 0 600 
mbined results — 601 +2 (4) 
Cat 20. After adrenalectomy : 
Resting period : 4-0 604 
imental period 6-0, later 10-0 605 (596-614) 
bined results — 604+ 3 (5) 


* Range of observations. 
+ Standard error of mean (and total number of observations). 


no. 15), and a significant glycosuria followed (Figs. 1 and 2) coinciding with an 
increase in the volume and specific gravity of the urine. 

Four weeks after total adrenalectomy a test with growth hormone was 
again carried out and glycosuria and a diminution in glucose tolerance were 
again observed (Figs. 1 and 2). 

The injected growth hormone had no consistent effect on the levels of 
plasma chloride and non-protein nitrogen, either before or after adrenal- 
ectomy (Table 1). There were indications of a fall in the haematocrit 
(Table 1), as found by Campbell, Lei & Davidson (1951) in analogous experi- 
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Fig. 1. Tests with growth hormone (GH) in two ovariectomized bitches (nos. 14 and 15) before 
and after adrenalectomy: venous blood sugar values following the morning meal (50g cooked 


lean meat). 


Bitch 15 / 


Days 


Before adrenalectomy 


Fig. 2. Tests with growth hormone in two ovariectomized bitches (nos. 14 and 15) before and 
after adrenalectomy : output of sugar in successive 24 hr periods. Period of treatment denoted 
by hatched rectangle; daily dose (mg) indicated numerically and also by height of rectangle. 
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ments with intact dogs but, whereas these authors noted a tendency for the 
plasma protein concentration to rise, the converse was found in the present 
experiments. This moderate fall in protein concentration during treatment 
with growth hormone was attributable to a decrease in albumin. From the 
few experiments performed it appeared that any change in fibrin and globulins 
was in the direction of an increase, this increase occurring in the total absence 
of sepsis or any signs of ill health. Both before and after adrenalectomy the 
administration of the sterile growth hormone produced a rise in body tem- 
perature which usually followed the first or second injection, becoming less 
evident as treatment was continued. 

At the end of these experiments treatment with Eucortone was stopped. 
Symptoms of severe adrenal deficiency developed in 72 and 60 hr in bitches 
nos. 14 and 15 respectively. The animals were then listless and weak, with 
complete anorexia, reduced body temperature, and non-protein nitrogen 
values for whole blood of more than 90 mg N/100 ml. They were killed with 
chloroform. Post-mortem examination showed the removal of the adrenal 
glands to have been complete, and no trace of aberrant cortical tissue was 
found in either animal. 


The diabetogenic action of growth hormone in cats before and after adrenalectomy 

Two male cats (nos. 18 and 19) and one ovariectomized female (no. 20) were 
given daily injections of 9 mg of growth hormone, All these cats showed 
steadily rising morning venous blood-sugars, and later a significant glycosuria 
developed (Fig. 3). After the last injection of growth hormone the urine was 
free from sugar in 18-36 hr and the fasting blood-sugar levels had fallen to the 
original values. 

After adrenalectomy the fasting blood-sugar levels were slightly lower than 
those previously encountered. No glycosuria and little change in the fasting 
blood-sugar level were observed in any one of these three adrenalectomized 
cats, even with doses of growth hormone higher than those used in the initial 
tests (Fig. 3). Throughout the experiment the animals were active, and 
appeared in excellent health, and after adrenalectomy they ate their diet of 
meat and fish mixture readily, though they refused milk, additional solid food 
being fed in compensation for the milk. The absence of milk from the diet is 
unlikely to have been responsible for the failure to elicit a glycosuria in 
response to growth hormone in these adrenalectomized cats, since the dogs 
had no milk, but developed a reduced glucose tolerance with glycosuria in 
response to growth hormone after adrenalectomy. The growth hormone used 
was subsequently examined to ensure that diabetogenic activity had not been 
lost between the experiments before and after adrenalectomy on cats, and was 
found to show full activity. 


The diuresis accompanying the glycosuria which followed growth-hormone 
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treatment in the period before adrenalectomy in the cats was absent after 
adrenalectomy. The level of plasma chloride was unaffected by growth hor- 
mone (Table 2); other blood constituents were not studied in the cats. Both 
before and after adrenalectomy the intraperitoneal injection of sterile growth 
hormone produced a rise in body temperature in the cats, as in the dogs. 

At the completion of the experiments with the cats the maintenance doses of 
Eucortone were withheld. Cats 18 and 19 showed signs of severe deficiency 
within 48 hr while cat 20 became gravely deficient in 72 hr. The animals were 
then killed by chloroform. Post-mortem examination revealed no trace of 
adrenal glands, and no aberrant cortical tissue could be found in the peritoneal 
cavities. 


Cat 18 Cat 19 Cat 20 
- 160 Before Before 
adrenalectomy ad 
4 
140; 
120- 
rc 
ool 
15+ {1s 
80+10 
0 
= After adrenalectomy 
E T (no glycosuria) 
| T 7100 
Days Days Days 


Fig. 3. Tests with growth hormone in two male cats (nos. 18 and 19) and one ovariectomized 
female cat (no. 20) before and after adrenalectomy : fasting (a.m.) venous blood-sugar values, 
and output of sugar in successive 24 hr periods. Treatment denoted as in Fig. 2. 


DISCUSSION 


It is evident that the adrenal glands are not essential for the diabetogenic 

action of purified growth hormone in dogs. In adrenalectomized dogs growth 

hormone induced diminished glucose tolerance and glycosuria quite readily, 

although possibly somewhat less readily than before adrenalectomy. Such 

& response was not induced in adrenalectomized cats. 
This species difference may be contrasted with a previous finding; if 

young puppies are treated continuously with growth-promoting oe 

PH. OXXI. 


> 


34 MARY F. LOCKETT, E. REID AND F. G. YOUNG 


pituitary extract, many become diabetic when full grown, but kittens so treated 
do not become diabetic even with very prolonged treatment (Young, 1949). 


SUMMARY 

1. The injection of purified growth hormone produced diminished glucose 
tolerance and glycosuria in two ovariectomized bitches. After adrenalectomy, 
when the animals were maintained in good health with extract of the adrenal 
cortex, glycosuria and diminished glucose tolerance were again evoked by 
injection of growth hormone. 

2. Before adrenalectomy, growth hormone produced diminished glucose 
tolerance and glycosuria in two male cats and one ovariectomized female cat. 


None of the animals showed a similar response to double the dose of growth - 


hormone after adrenalectomy, when maintained on adrenal extract. 

3. The adrenal glands are not essential for the diabetogenic response to 
growth hormone in the bitch. In this respect there appears to be a species 
difference between the dog and the cat. 


The Eucortone used in these experiments was very kindly presented by Messrs Allen and 
Hanburys Ltd. The cost of the pituitary glands used in preparing the growth hormone was 
defrayed from a grant given by the Medical Research Council (to F.G. Y.). Thanks are expressed 
to Mr G. E. Baker for drawing the figures. 
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RENAL FUNCTION AND THE EXCRETION OF POTASSIUM 
IN ACUTE ALKALOSIS 


By G. T. FRANGLEN, ELEANOR McGARRY* anp A. G. SPENCER 
From the Medical Unit, University College Hospital Medical School, London 
(Received 29 September 1952) 


Gross potassium deficiency has been demonstrated in states of metabolic 
alkalosis in man (Mudge & Vislocky, 1949) and in the experimental animal 
(Darrow, 1946; Darrow, Schwartz, Ianucci & Coville, 1948). The cause of this 
potassium deficiency is not clearly established, because alkalosis is usually 
complicated by other severe metabolic disorders, such as dehydration and 
starvation, which are known to be associated with impaired renal function 
(McCance & Widdowson, 1937; Burnett, Burrows, Commons & Towery, 1950) 
and an increased loss of potassium in the urine. For this reason a study of 
potassium excretion and of renal function has been made in experimental 
alkalosis uncomplicated, as far as is possible, by other factors known to affect 
the excretion of this ion. The acute alkalosis was produced in dogs or in man 
by three different methods; the removal of chloride ions by peritofieal dialysis 
with bicarbonate solutions; the intravenous infusion of sodium bicarbonate; 


and by prolonged overbreathing. 


METHODS 
Dog experiments 
Six experiments were completed on three young female dogs (wt. 8-11 kg) under pentobarbitone 
sodium anaesthesia. The dogs were fasted for 18 hr before the experiments, and did not receive 
additional supplements of potassium at any time. Before the development of alkalosis there was 
a 2 hr period of equilibration in which a slow intravenous drip was given containing inulin, sodium 
p-aminohippurate (PAH) and 5% (w/v) glucose, at 3 ml./min. 

Chloride depletion alkalosis. After the equilibration period chloride ion was removed by inter- 
mittent dialysis of the peritoneum with the following solution: Na, 140 m.equiv/l.; HCOs, 
140 m.equiv/l.; K, 4 m.equiv/l.; Cl, 4 m.equiv/l. ; glucose, 30 g/l.; inulin, 20 mg; PAH, 4 mg/100 ml. 
A metal cannula was inserted into the peritoneal cavity and 500 ml. of warm dialysis solution was 
run in, and then syphoned out again after 15-20 min. This cycle of operations was repeated 
continuously over the next 2 hr, using a total of 3-4 1. of dialysis fluid in each experiment. The 
intra-abdominal pressure was measured by a water manometer, and, by altering the level of the 
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fluid reservoir, it was adjusted to oscillate around + 2 om of water. Blood and urine samples were 
taken every 30 min and measurements made of the pH, electrolyte composition and concentration 
of inulin and PAH. There were three experiments of this type, providing sixteen clearance periods 
during alkalosis produced by chloride deficit. 

Bicarbonate alkalosis. Following the equilibration period, 5% (w/v) sodium bicarbonate was 
infused intravenously at 3 ml./min for 120 min. Blood and urine samples were taken and analysed 
as in the previous experiments. Three experiments were completed, providing eighteen clearance 
periods during bicarbonate alkalosis of increasing severity. 

Blood collection. Blood was taken from the uncompressed external jugular vein into oiled, 
heparinized 20 ml. syringes. The pH was measured immediately as described below. The remainder 
of the specimen was centrifuged under paraffin, and the CO, content of the plasma was measured 
within 5 min of taking the blood. 

Urine collection. Urine was collected with special precautions to prevent the loss of CO,. 
A rubber catheter was placed in the bladder and all specimens were taken under paraffin. At the 
end of each clearance period the bladder was emptied by manual compression over the lower 
abdomen. In order to avoid errors in the determination of urine pH and CO, content the bladder 
was not washed out. The high rates of urine flow, 1-3 ml./min, and long clearance periods made 
accurate collection possible. Samples of urine were taken by pipette for measurement of CO, 
content and pH. These were made at once and without contact with the air. 

Renal clearance techniques. The clearance of inulin (C,,) and of PAH (Cpu) Were determined by 
the methods of Smith, Finkelstein, Aliminosa, Crawford & Graber (1945) and Shannon (1935). 
A constant infusion was obtained by an automatic syphon burette (Sellick, 1951) combined with 
a tunnel clamp (Bradley, 1947). The inulin clearance was taken as a measure of the filtration rate, 
and that of PAH as the renal plasma flow. The symbols Cy, Cx,, Cyoo, have been used for the 
clearance of potassium, sodium and bicarbonate. 

Measurement of the inulin space. The inulin space has been used as a measure of the extracellular 
fluid volume (Gaudino & Levitt, 1949), using the difference technique (Crawford & Gaudino, 1952). 
Besides the collection and accurate timing of all the urine specimens, the method requires the slow 
infusion of inulin over a period of 2 hr for the initial equilibration, and the measurement of the 
total quantity of inulin infused by an accurate burette. The amount of inulin retained at any time 
was then calculated as the difference between the total infused and the cumulative excretion. The 
inulin space was obtained by dividing the figure for the retained inulin by the concentration of 
inulin in the plasma at that time. 

Human experiments 

Acute respiratory alkalosis, Observations were made on three normal males, commencing 2 hr 
after meals. Sufficient water was taken to ensure a urinary output of 2-4 ml./min. Each of the six 
experiments comprised 6-8 periods of 15 min, and at the end of each period the urine volume, pH 
and electrolyte content were measured. In the third and fourth periods the subjects overbreathed 
deeply and regularly, producing a severe respiratory alkalosis. The inulin clearance, blood pH, 
plasma CO, and electrolyte content were also measured in four similar experiments, providing 
twenty-eight clearance periods, including eight in respiratory alkalosis. The clearance techniques 
used were those described by Goldring & Chasis (1944), except that the subjects were not 
catheterized. They were trained to empty the bladder, which was done while standing. In 
five of the ten experiments 60 m.mole KCl was taken by mouth 1 hr before the period of 
hyperventilation. 

Methods of analysis | 

pH determination. Samples of urine and whole blood, collected as described, were transferred 
without contact with air to the glass electrode chamber of a Stadie apparatus. The water-bath 
was kept at 37° C by an electric heater. A Cambridge pH meter was used for the determinations, 
and was calibrated by standard buffer solutions between each estimation. 

Chemical. CO, content, Van Slyke & Neill (1924); sodium and potassium, internal standar: 
flame photometry (Spencer, 1950); chloride, Whitehorn (1921), and mercurimetric (Schales & 
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Schales, 1941); magnesium (Briggs, 1922; Kunkel, Pearson & Schweigert, 1947); phosphorus 
(Fiske & Subbarow, 1925); ammonia (Hawk, Oser & Summerson, 1947); a and PAH 
(Goldring & Chasis, 1944). 


RESULTS 
Dog experiments 
Potassium excretion. The effects of acute metabolic alkalosis on potassium 
excretion in dogs were similar in the six experiments, whether produced by 


chloride depletion or by the intravenous infusion of bicarbonate (Figs. 1 and 2, 
Table 1). As the alkalosis developed the renal excretion of potassium increased 


iat 


Fig. 2. 

Fig. 1. The effect of acute chloride depletion alkalosis on renal function (dog 3). Chloride 
removed by differential peritoneal dialysis starting at { and continuing for 2 hr. 

Fig. 2. The effect of sodium bicarbonate infusion alkalosis on renal function (dog B1). 
5% NaHCoO, was infused at 3 ml./min beginning at { and continuing for 2 hr. 


three to four times. The plasma potassium usually decreased from 4-5 to 
2-3 m.equiv/l. and the load of potassium filtered at the glomerulus fell progres- - 
sively. This was more evident in the chloride depletion experiments, in which 
there was also a fall in the filtration rate. Paradoxically, during alkalosis the 
rate of potassium excretion increased despite the fall in the filtered load of 
potassium. The clearance ratio C,./C,, rose from 0-15 at a blood pH of 7-3 to 
a maximum of 2-0 at a blood pH of 7-75 (Table 1). Potassium excretion 


Time (hr) 
Time (hr) 
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increased, although there was a negative balance for this ion resulting from 
continued losses in the urine. 

Sodium excretion. During the infusion of sodium bicarbonate the dogs 
reached a positive sodium balance of 15-20 m.equiv/kg (Table 2). The rate of 
sodium excretion increased from 10 to 448 pequiv/min (Fig. 2, Table 1), and 
the clearance ratio Cy,/C,, tose from 0-001 to 0-09. In the chloride depletion 
experiments there was a small increase in sodium excretion up to 79 wequiv/min, 
although the filtered load of sodium was decreased. 

Taste 1. Acate metabolic alkalosis in the dog, produced by intravenous sodium bicarbonate, or 


by chloride depletion during peritoneal dialysis. The blood pH and data relating to the 


Plasma con Kload Excretion rates 
(mequiv/l.) (vequiv] (wequiv/min) 
Expt. pH Na K HCO, Gl (ml/min) CyxKp K Ne HCO, Cl 
Intravenous NaHCO, 
Dogl,9kg 735 1388 42 2 108 38 006 10-8 2 
765 140 29 #38 #97 45 108 131 141 310 408 0 
Dog 1B, 9kg 740 148 40 2 102 37 °®#03 48 45 8 5 10 
770 145 40 39 94 36 1:29 144 186 448 420 0 
Dog 2,8kg 735 140 44 2 97 32 0-1 
760 139 28 37 & # 31 0-6 87 51 393 380 0 
Cl removal 
Dog 2,8kg 734 141 42 25 102 30 0-1 16060ClCsd16sCiadA:SCiaLtsséOWO 
770 135 22 37 70 £19 2-0 42 84 41 136 0 
Dog 3, ll kg 740 140 46 23 102 39 021 4178 38 12 6 
775 134 31 37 76 # £19 1-9 57 112 78 167 0 
Dogi1,9kg 7:20 140 45 22 104 32 0-1 144 14 16 =O 12 
| 750 130 41 35 80 18 0-8 74 61 39 142 «#0 


Bicarbonate excretion. The plasma bicarbonate rose to 35-40 m.equiv/]. in 
both types of alkalosis, and the renal excretion increased up to 500 pequiv/min 
(Figs. 1 and 2, Table 1). The increment in bicarbonate excretion was equal to 
the rise in the filtered load, and the ratio Cyco,/Cy, consistently rose from 
normal values of less than 0-001 to 0-30 during severe alkalosis. 

Chloride excretion. During the peritoneal dialysis experiments the chloride 
ion removed was approximately 9 m.equiv/kg (Table 2), and the plasma 
chloride fell to 70-80 m.equiv/l. (Fig. 1, Table 1). Chloride disappeared from 
the urine at an early stage of each experiment and before there was any 
considerable change in the filtered load of this ion. In the alkalosis of bicar- 
bonate infusion there was a small (6-12 m.equiv/l.) fall in the plasma chloride. 
As there was usually a coincident slight rise (5-10) in the filtration rate the 
. filtered load of chloride was not appreciably reduced. Nevertheless, chloride 
again disappeared from the urine. 

Other ions. In both types of alkalosis the ssuntion of ammonia decreased, 
and ceased at a urine pH 6-8-7-2. Phosphate excretion increased two- to 
fourfold, allowing for the increased equivalence of this ion at the higher pH of 
the urine. 
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Renal blood flow and filtration rate. The C1, and Cp, were maintained at 
normal levels or increased slightly (5-10 °) in the sodium bicarbonate infusion 
experiments (Fig. 2, Table 1). During peritoneal dialysis, however, they were 
both low, and decreased further as the experiments progressed (Fig. 1, Table 1). 
The rates of urine flow were also lower in these experiments (Table 2). This 
disturbance in renal function began early in the experiments, and appeared to 
result from the technique of dialysis rather than from the alkalosis. 


TaBLE 2. Acute metabolic alkalosis in the dog, produced by intravenous sodium bicarbonate or 
ean depletion during peritoneal dialysis. The external balances of water and electrolytes, 
inulin spaces, and the apparent changes in cell water ; 
External balances Cell 
. Na K Cl space rg 
Expt. (ml./min) (ml (m.equiv) (m.equiv) (m.equiv) (ml) (ml. 
Intravenous NaHCO, © 
Dog 1, 9 kg 22 


+611 + 205 -12 -2 1240 before + 21 
Dog 1B,9kg 13 + 248 +174 . =8 ~3 1450 before +268 


Dog 2,8kg 22 +287 +147 ~26 -2  1620before + 37 


Cl removal + 250 
Dog 1, 9 kg 0-9 +279 +50 -13 ~ 83 1700 before +549 


Dog 2, 8 kg 1-4 + 358 - 16 -8 -9l 1820 before +238 


Dog 3, 11 kg 1-7 +453 +9 -18 -90 1800 before +173 


Changes in body water. The total external balances of water gradually 
increased during the experiments and reached a maximum of +3-6% of the 
body weight. The apparent changes in the distribution of body water were 
calculated from the cumulative water balance and the inulin space (Table 2). 
In each experiment there was a moderate increase in cell water. 


Hyperventilation alkalosis in man 

Hyperventilation alkalosis was regularly associated with a two- to fourfold 
increase in the excretion of potassium (Fig. 3, Table 3). The ingestion of 
60 m.mole KCl was also followed by an increased potassium excretion, and 
there was a further rise in the excretion of this ion on overbreathing, to rates 
in excess of the normal filtered load (Fig. 3, Table 3). 

The results of the renal clearance studies are summarized in Table 4, which 
gives data for two periods from each experiment, one control and one during 
hyperventilation. Each experiment contained seven periods, two control, two 
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in hyperventilation and three during recovery. The C,, usually decreased 
by 5-10% during hyperventilation, and the plasma potassium fell by 
0-4-0°7 m.equiv/l. The excretion of potassium always increased greatly during 
alkalosis and was made to exceed the filtered load, the clearance ratio C;/C}, 
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Fig. 3. Hyperventilation alkalosis and the renal excretion of potassium in man. The rate of 
excretion of potassium in pequiv/min plotted against time. Periods of hyperventilation 
marked J]. (a) No potassium load. Subject 8. Exp. 1. (6) 60 m.mole KCl was taken by 
mouth at | KCl. Subject 8. Exp. 4. 


ventilation. (a4) No potassium load. (b) 60 m.mole KCl taken by mouth | hr each 
xperiment 


Potassium excretion 
(wequiv/min) Urine pH 
ore During ' Before During 
Expt. alkalosis alkalosis alkalosis 
(a) 81 92 280 5-8 79 
291 631 6-5 8-0 
Fl 100 527 6-1 7-9 
(b) S4 480 944 7-0 78 
330 654 71 7-5 
N2 470 833 7:2 75 


rising to 1-24. At the same time sodium excretion usually increased two to four 
times, despite a fall in the filtered load. The plasma bicarbonate was reduced 
from 25 to 15 m.equiv/l. and as the filtration rate also fell, the filtered load 
decreased by some 50%. Concurrently, bicarbonate excretion increased and 
the ratio Cyoo,/Cyy rose from less than 0-001 to 0-20. Chloride excretion 
increased during hyperventilation alkalosis, although the filtered load was less. 
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TABLE 4. Acute respiratory alkalosis in man; the blood pH and the renal excretion of potassium 
and other electrolytes. Periods of 15 min, control (C) and hyperventilation (x.v.), — 
tion 


from four experiments each seg | seven peri two control, two in hyperven 
and three during recovery. Ex » 5 and 6, no ium load; Expts. S, 7 and 
60 m.mole KCl taken by mouth The before 
K load Excretion rate 
Plasma (m.equiv/l.) (uequiv/ (wequiv/min) 


Expt. pH Na K HCO, Cl (ml/min) Ox/Cy CyxKp K Na HCO, Cl 
736 140 48 2 103 118 0-14 87 284 0 263 
uv. 750 142 41 19 102 108 060 443 266 271 114 288 


s6{t 732 137 5&1 26 101 117 0-49 291 121 0 413 
av. 756 140 48 15 = 102 100 1-08 518 300 171 515 


87 C 744 142 46 26 102 115 0-50 266 525 180 562 
uv. 758 142 44 #17 = 102 108 1-04 475 496 564 346 611 
88 {S 735 140 48 25 103 124 0-46 274 «8696 8 396 
av. 754 141 42 #17 = 102 122 1-24 512 636 468 145 895 


83 


DISCUSSION 


McCance & Widdowson (1937) first reported a potassium clearance greater than 
that of inulin in a patient suffering from pyloric stenosis, alkalosis and dehydra- 
tion, More recently, Burnett e¢ al. (1950) have also found increased rates of 
potassium excretion and high potassium clearances in a group of similar 
patients. The effect of alkalosis on potassium excretion is difficult to assess in 
pyloric stenosis as this condition is complicated by other factors which affect 
the excretion of this ion, such as starvation (Benedict, 1915), dehydration 
(Mudge, Foulkes & Gilman, 1950) and a low filtration rate (McCance & 
Widdowson, 1937). In the present experiments the changes in body pH and 
in potassium excretion were not the only variables, but as these differed in the 
three types of alkalosis it has been possible to reach a more general conclusion 
than could be derived from observations on a single kind of disorder. 

The renal excretion of potassium consistently increased during alkalosis, 
whether this was produced by hyperventilation, chloride depletion or the 
infusion of sodium bicarbonate solutions. This increment in potassium 
excretion must be related either to changes in the glomerular filtrate or to 
alterations in tubular activity. 

The changes in the load of electrolytes filtered at the glomerulus during 
acute alkalosis are summarized below: 


HCO, cl Na K 
Respiratory alkalosis 14+ 
Chloride depletion alkalosis +4 
Sodium bicarbonate alkalosis t +t t 


There was a different pattern of change in the three types of alkalosis, the 
only common feature being a decrease in the filtered load of potassium. 
Despite this, potassium excretion was always enhanced during alkalosis. 
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Therefore there must be an alteration in the tubular transport of potassium in 
alkalosis which is independent of changes in the volume, and electrolyte 
composition, of the fluid delivered to the proximal tube. 

The clearance ratio C,,/C;, increased from normal values of 0-10—0-30 to well 
over 1-0 in all three kinds of alkalosis (Tables 1 and 4), which is interpreted as 
evidence for the secretion of potassium by the renal tubules. As the increment 
in potassium excretion was always associated with a fall in the filtered load of 
this ion, it is also possible that the tubular reabsorption of potassium was 
inhibited during alkalosis. The relative contribution to the rise in potassium 
excretion of an inhibition of reabsorption and a stimulation of secretion cannot 
be assessed. It will be shown later that both processes may have a common 
mechanism. i 

The renal secretion of potassium has previously been demonstrated during 
the intravenous infusion of potassium salts (Berliner, Kennedy & Hilton, 
1950), in dehydration and in an osmotic diuresis (Mudge, Foulkes & Gilman, 
1948). In the present dog experiments no extra potassium salts were given, 
and the ratio of the minute urine volume to the filtration rate (UV /C,,) did not 
exceed 0-1, the level at which an osmotic diuresis begins to provoke an increase 
in potassium excretion. The dogs were well hydrated and there was an increase 
in cell water, a condition associated with the excretion of minimal amounts of 
potassium (Mudge et al. 1950) when there is no disturbance in acid-base 
balance. 

This increased excretion of potassium may be considered as a primary 
response of the renal tubules to an alkalosis, or as secondary to changes in 
tubular activity with respect to other ions. . : 

The excretion and reabsorption of Na+, HCO; and Cl-. During the infusion 
of sodium bicarbonate the dogs were in a positive sodium balance, and the 
filtered load of this ion was increased. Under these conditions part of the 
increment in potassium excretion may be attributed to an exchange of 
Na+ for K+ in the cells of the renal tubules, a mechanism which has been 
described by Berliner e¢ al. (1950). Indeed, a normal sodium balance may be 
essential for a high rate of potassium excretion during alkalosis. McCance & 
Widdowson (1936) found that when a respiratory alkalosis was induced in 
salt-depleted subjects the urine did not become alkaline and there was no 
increase in the excretion of sodium or potassium. 

In the alkalosis of chloride depletion and in hyperventilation, the filtered 
load of sodium was decreased, yet the excretion of this ion rose. In this 
instance the secretion of K+ cannot be explained as an exchange for Nat, but 
may result from an exchange of K+ with H+ derived from carbonic acid: 


CO,+ H,0=H,CO,=H* +HCO; 
K+ +HCOs 
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This may also be considered as a tubular secretion of potassium and bicar- 
bonate, without cation exchange. In either case the result would be an equiva- 
lent increment in excretion for both K+ and HCO;. In contrast, an increase 
in potassium excretion effected entirely by an exchange of K+ for Na+ does not 
require the renal tubular excretion of bicarbonate. 

The observed increment in HCO; excretion was usually much greater than 
that for K+, and was associated with large increments in the excretion of 
both K+ and Na*. This may represent an exchange of H+ for both Na+ and K*+. 
There was a proportionate decrease in the reabsorption of bicarbonate as 
alkalosis developed, the ratio Cy ¢9,/Cyy consistently rising from 0 to 0-30. The 


(a) Chloride depletion alkalosis (b) Hyperventilation alkalosis (c) Sodium bicarbonate 
infusion alkalosis 
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Fig. 4. Alkalosis and the renal tubular transport of potassium. The blood pH plotted against 
the clearance ratio C,/C;,. (a) Data from acute chloride depletion alkalosis experiments in 
the dog. (b) Data from acute hyperventilation alkalosis experiments in man. (c) Data from 
acute sodium bicarbonate infusion experiments in the dog. | 


filtered load of bicarbonate exceeds the tubular capacity for H+ secretion 
during alkalosis, inhibition of carbonic anhydrase occurring as the pH rises 
(Roughton, 1935). The primary renal response to alkalosis may then be an 
increased excretion of bicarbonate, to which the increments in excretion of 
sodium and potassium are secondary. Whereas the excretion of bicarbonate, 
sodium and potassium ions always increased during alkalosis, the excretion 
of chloride ion cannot be related directly to changes in the body pH, and it 
merely conforms to the necessity of electroneutrality in the tubular fluid. 
The change in tubular activity with regard to potassium shows a positive 
correlation with the blood pH (Fig. 4). The acid-base balance of the body is 
therefore one of the important factors which control the renal excretion of 
potassium. The renal mechanisms which control the excretion of individual 
electrolytes during alkalosis are closely interrelated. They cannot be described 
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in terms of fixed thresholds or by absolute reabsorption maxima, as required 
by systems which imply an excretion of ions related functionally only to the 
filtration rate. 


SUMMARY 


1. Renal clearance studies were made during acute experimental alkalosis 
in dogs and in man. The alkalosis was produced by three different methods: 
the removal of chloride by differential peritoneal dialysis; the intravenous 
infusion of sodium bicarbonate solutions, and by hyperventilation. 

2. Potassium excretion increased in all types of alkalosis despite a negative 
balance for this ion. As the excretion of potassium exceeded the load filtered 
at the glomerulus there was evidence for the renal tubular secretion of 
potassium during alkalosis. 

3. The renal excretion of potassium and bicarbonate ions during alkalosis is 
largely controlled by alterations in tubular activity, correlated with changes 
in the blood pH and with the availability of potassium for tubular secretion. 
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Following immersion of a finger in cold water there is normally an intense 
vasoconstriction for about 6 min, followed by a large dilatation (Greenfield & 
Shepherd, 1950). This cold vasodilatation has recently been demonstrated in 
chronically denervated fingers (Greenfield, Shepherd & Whelan, 1951) and 
after local infiltration of anaesthetic substances (Greenfield, Shepherd & 
Whelan, 1952). It has been concluded that the response is not dependent on 
nerves, although it is much larger when the nerves are functioning. This made 
it seem worth while to explore possible chemical mechanisms. Histamine and 
acetylcholine are substances which may play a part in the natural phenomenon. 
We have therefore tested the ability of these substances and their respective 
blocking agents to influence the behaviour of the blood vessels during exposure 
to cold. 

It was considered that (1) A substance able to advance the time of onset of 
cold vasodilatation might play a part in the natural response, but would not 
necessarily do so. (2) A substance unable to advance the time of onset of cold 
vasodilatation, if delivered to the vessels in a quantity sufficient to produce 
a large effect at ordinary temperatures, would be unlikely to play a part in the 
natural response. (3) A delayed vasodilatation in the presence of a blocking 
agent would suggest that the blocked substance played an important part in 
the response to cold. (4) An unaltered cold response in the presence of an 
adequate concentration of blocking agent would make it unlikely that the 
blocked substance played any part in the natural response. 

The significance of any shortening of the time to onset of the cold vaso- 
dilatation would depend on the degree of symmetry normally found when 
corresponding fingers of the two hands are simultaneously inserted into water 
at 0-2° C. Preliminary experiments showed that up to the time of the first 
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plateau of vasodilatation the behaviour of the two sides is symmetrical 
(Table 1). After this the responses often become asyn chronous and one side 
ean no longer be used as a control for the other. 


TasLE 1. Heat losses from the distal 2:8 cm of the two index fingers simultaneously observed 
under identical conditions in calorimeters at 0-2° C. H is the average rate of heat loss from 
the finger at the height of the first plateau of vasodilatation. 7' is the time from entry into 
the calorimeter to the mid-point on the ascent from the lowest initial level of heat loss from 
the circulating blood to the top of the first plateau. This measurement was used because the 
time of the first increase in heat loss and the time of reaching the top of the first plateau are 
rarely clearly defined. A small technical error may alter either of them by several minutes. 
The uncertainty in measuring T' is never more than | min, and the measurement gives a fair 
estimate for purposes of comparison of the delay before vasodilatation 


T (min) H (cal/100 ml./min) 
P. A. G. 9 8 900 1000 
A. DM. G. 7 7 2300 2700 
A. D. M. G. ee | 7 2200 2000 
A. D. M. G. 8 8 1600 1600 
A. D. M. G. 8 7 2300 2200 
A. D. M. G. 8 7 2000 2000 
A. R. ll 10 1750 1600 
J. T. 8. 9 8 1500 1400 
J. T. 8. 7 8 1800 
R. F. W. 9 9 2700 2300 
R. F. W. 8 8 2050 2450 
Av. 8-3 8-0 1920 1880 


The average value of 7 in Table 1 is 8 min. The time to the start of cold 
vasodilatation is difficult to measure accurately, but is probably about 2 min 
shorter than 7’. That is to say, vasodilatation begins at about the 6th min. 
It is clear that a substance can be shown to cause a premature vasodilatation 
only if it can be introduced and act well within this time. It follows also that 
a shortening of time 7 of less than 2 min may indicate either an earlier start 
of vasodilatation or a more abrupt vasodilatation starting at the normal time. 
The former would suggest that the vasodilatation was initiated by the substance 
responsible, the latter that a natural vasodilatation was being assisted. 
Unfortunately, the calorimetric method is too crude to resolve the point, and 
the significance of slight advances in the time of vasodilatation remains 
doubtful. 


METHODS 


The subjects were healthy men and women aged 19-35 yr. They wore normal indoor clothing and 
were comfortably warm throughout the experiments. The blood flow through the finger was 
followed by the calorimetric method (Greenfield & Shepherd, 1950). The heat loss was measured 
from the distal 2-8 em of finger tip to water either at 29-30° C or 0-2° C, In all experiments the 
fingers were first immersed for 10 min in water at 29° C. 

In those experiments in which histamine and acetylcholine were administered intra- 
a needle was inserted into the brachial artery at the elbow before the observations were 
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A slow infusion of normal saline was maintained and was interrupted at the appropriate time to 
allow the vasodilator substance dissolved in 5 ml. of saline to be steadily injected over | min. 
The dead space was equivalent to 10 sec and the whole dose eventually reached the artery. 

In those experiments in which histamine or acetylcholine was introduced into the distal 2:8 cm 
of the finger by electrophoresis, either before or while it was in the calorimeter, the finger tip and 
copper anode were immersed in a solution of 0-02 % (w/v) of histamine acid phosphate (B.D.H.) 
or acetylcholine hydrochloride (Roche) in distilled water. A large cathode was attached to the 
forearm or leg. As it was desirable to introduce the substances as quickly as possible, the current 
employed was the largest which just failed to cause real discomfort, and was usually 2-6 mA. 
Make-and-break shocks were eliminated by increasing and decreasing the current slowly. Electro- 
phoresis of hydrogen ions from dilute sulphuric acid into the finger tip, using the same strength 
of current as in the other experiments, was without detectable effect on heat loss at either 0—2° C 
or 29-30° C. This shows that the passage of the electric current had no significant effect on the 
finger blood vessels. 


RESULTS 
Administration of histamine and acetylcholine 

Administration before entry into the cold. Injections of 45-75 ug histamine or 
8 mg acetylcholine into the brachial artery, or electrophoresis of histamine at 
4-5 mA for 2 min at 29°C into the tip of the finger before entry into the 
calorimeter at 1°C prevented or reduced the initial vasoconstriction (Fig. 1 A, B). 
A number of other procedures, however, have a similar effect. Examples are 
local heating (Greenfield e¢ al. 1951), preliminary exposure to cold (Whelan, 
1951) and release of vasoconstrictor tone by indirect heating (Fig. 1(), 
sympathectomy (Fig. 1 D), nerve block or acute nerve section (Greenfield et al. 
1951). It must be assumed, therefore, that these effects are not specific, and 
are associated in some way with the vasodilatation in the finger immediately 
before exposure to cold. These results therefore do not support or exclude the 
possibilities that the substances may play a part in the cold response. The 
altered response following these procedures is not solely due to the large blood 
flow through the finger at the moment of entry into the calorimeter preventing 
the finger cooling; if the circulation is arrested for the first 2 min after insertion 
of the finger into the cold, in order to allow it to cool in the usual way, an 
immediate increase in heat loss follows release of the occlusion (Fig. 1 B-D). 

Administration after entry into the cold. Intra-arterial injections of 45-75 yg 
histamine (ten experiments) or 5-10 mg acetylcholine (ten experiments) during 
the 3rd min following the insertion of the fingers into the cold, that is, when 
the cold vasoconstriction was well established, did not cause a premature 
vasodilatation (Fig. 2a, 6), although smaller doses of histamine always, and 
of acetylcholine usually, cause a large increase in hand’blood flow at 32° C 
(Duff, Greenfield, Shepherd & Thompson, 1953). The complete or almost 
complete arrest of the circulation during the first few minutes of immersion in 
the cold water (Greenfield & Shepherd, 1950) must, however, restrict the 
amount of drug reaching the finger. The rapid destruction of acetylcholine by 
the blood on its way to the finger is an additional complication. 
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When histamine was introduced by electrophoresis for the first 2 min of 
immersion at 0-2° C (Fig. 2c), it did not cause a premature vasodilatation in 
any of eight experiments, although when introduced at 29° C for 2 min there 
was a definite increase in heat loss, indicating vasodilatation, in the 3rd min 
after the start of the electrophoresis. In the absence of a positive result it is 
uncertain whether the substance was being delivered to the vessels at 0-2° C. 


Fig. 1. Simultaneous measurements of heat loss from paired finger tips to water at 0-2° C in 
cal/100 ml. of finger/min. Full width of each frame is 20 min. The white areas indicate an 
allowance for heat given up by the finger in cooling to calorimeter temperature, and the 
black areas indicate heat derived from circulating blood. In each case the clear rectangle 
indicates the 2 min period during which a pneumatic cuff was inflated to arrest the circulation 
in the finger. A: observations on R. F. W. Hatched rectangle indicates electrophoresis of 
histamine. B: observations on N. T. Hatched rectangle indicates infusion of 75 ug of hista- 
mine into the left brachial artery. C: observations on J. T. 8S. during release of vasomotor 
tone in the finger vessels by indirect heating. D: observations on M. G. following bilateral 
sympathetic ganglionectomy. On another occasion when observations were made without 
arrest of the circulation, both sides behaved as did the control finger in the figure. 


The distribution through the finger of a drug arriving at the skin may depend 
largely on the circulation through the finger and may be seriously impaired 
when the vessels are constricted. Thus although the histamine reached the 
vessels by the 3rd min at 29° C it may not have done so at 0-2° C. 

Some effect was produced by introducing histamine into the finger at 
4-5 mA from the moment of entry into the calorimeter until the initial cold 
vasodilatation developed. This was tried in four experiments on three subjects 
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and time 7' was advanced by 3, 2, 2:and 1 min on the treated side. A careful 
study of the graphs suggested that this reduction in time 7 was not generally 
due to an earlier start of vasodilatation, but to a more abrupt vasodilatation 
starting at the normal time. Further, the following observations show that the 


(a) intra-arterial histamine (b) intra-arterial acetylcholine 


(c) Histamine electrophoresis (d) Acetylcholine electrophoresis 


Fig. 2. Simultaneous measurements of heat loss from paired finger tips to water at 0-2° C in 
cal/100 ml. of finger;min. Full width of each frame is 20 min. Administration of histamine 
or acetylcholine is indicated by small hatched areas. In every case the top frame of each 
pair shows results from the untreated finger. The white areas indicate an allowance for heat 
given up by the finger in cooling to calorimeter temperature, and the black areas indicate 
heat derived from circulating blood. 


amount of histamine entering the finger in these experiments greatly exceeded 
any quantity which might be released during exposure to cold alone. In two 
of the experiments the subjects experienced headache and flushing towards 
the end of the electrophoresis. In a repeat experiment on one of these subjects 
histamine was introduced into one finger for a similar period of time and the 
blood flow through the opposite forearm recorded at the same time. The flow 
remained steady at 2 ml./100 ml. forearm/min. until the onset of the cold vaso- 
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dilatatian, then the flow rapidly increased to 10 ml./100 ml. forearm/min, and 
at the same time the subject experienced headache and flushing. Control 
experiments showed that there was no change in forearm flow during the period 
of natural cold vasodilatation, even when the whole hand was inserted into 
water at 1° C. 

Acetyleholine when introduced by electrophoresis at 29° C for 6 min failed 
to produce regular vasodilatation by the 4th min. While this made it unlikely 
that it could be introduced sufficiently quickly to modify the cold response, 
there was the possibility that the vessels at 1° C are unusually sensitive to the 
substance. In the cold experiments electrophoresis was started at the moment 
of insertion of the finger into the calorimeter and continued until vasodilata- 
tion was established. The effect in eight experiments on three subjects was to 
advance time 7' by an average of 1 min, the maximum advance being 2 min, 
but the graphs suggest that, as with histamine, there was an accelerated rate 
of vasodilatation rather than an earlier vasodilatation. The height of the 
plateau of vasodilatation was increased, showing that an effective amount of 
vasodilator substance eventually reached the finger vessels (Fig. 2d). 


Administration of blocking agents 

Antihistamine substances. Numerous attempts were made to introduce 
sufficient quantities of Thephorin (phenindamine hydrogen tartrate, Roche), 
Benadryl (diphenhydramine hydrochloride, Parke, Davis) and Pyribenzamine 
(tripelennamine hydrochloride, Ciba) by electrophoresis to inhibit the effect 
of histamine on heat loss from the finger to water at 29° C. None of these was 
successful, although two subjects after electrophoresis of Benadryl and 
Pyribenzamine for 10 min at 4 mA experienced general symptoms similar to 
those following oral administration. Electrophoresis of Pyribenzamine for 
10 min at 4 mA did not delay cold vasodilatation or reduce the plateau of heat 
loss in either of two subjects. The cold response was tested } and 3 hr after the 
electrophoresis. 

The effect of atropine. A set of observations showing that an atropinized 
finger, which fails to respond to acetylcholine, responds normally to cold is 
shown in Fig. 3. Atropine was first introduced into the left middle finger at 
4mA from 0-1% solution at 29°C for 10 min. Acetylcholine was then 
introduced into the left index finger at 29° C for6 min; this caused a substantial 
vasodilatation, starting at the 4th min, thus showing that an effective amount 
of acetylcholine was reaching the finger vessels. Acetylcholine was now found 
to be without effect on the atropinized finger at 29°C, showing that the 
atropine was effective. The cold responses of the atropinized and untreated 
middle fingers were now compared, and no difference was detected. When the 
cold after-reaction had subsided the atropinized middle finger was again tested 


with acetylcholine at 29° C and no definite response was obtained. Taken in 
4-2 
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conjunction with the last experiment, in which the same solution of acetyl- 
choline was found to be fully effective on the non-atropinized ring finger, this 
shows that the atropine effect had not worn off. The middle finger was thus 
shown to be effectively atropinized both before and after it was tested in the 
cold. Atropinization did not, however, interfere with the response to cold. 
Another set of observations was made on a second subject and the results were 


Index, Middle, Middle, Middle, Ring, 
29-30°C 29-30°C 0-2°C 29-30°C 29-30°C 


Atropinized Atropinized 
ACh ACh ACh ACh 
56 82 150 180 210 
Fig. 3. Heat loss from paired finger tips to water at the temperatures shown. At a given rate of 
blood flow the heat loss to water at 0-2° C is between 4 and 5 times as great as to water at 
29-30° C. The scales of heat loss have been adjusted so that the scales of probable blood flow 
are uniform (Greenfield & Shepherd, 1950). In every case the full height of the frames 
indicates approximately, but not of course exactly, the level of heat loss at full vasodilatation. 
Upper frames, control (right) fingers; lower frames, experimental (left) fingers. Ordinate 
marks are at intervals of 100 cal;100 ml.jmin in the 29-30° C observations and at intervals 
of 1000 cal/100 ml./min in the 0-2° C observations. Full width of each frame equals 20 min. 
The figures below each pair of frames indicate the time in minutes from starting electro- 


phoresis of atropine sulphate into the left middle finger to the start of the frame. The hatched 
rectangles indicate periods of electrophoresis of acetylcholine. 


similar. A number of attempts to secure further such complete sets of observa- 
tions failed for a variety of reasons. These incomplete sets of observations 
provided no evidence for or against the view that atropinization leaves the cold 
response unaltered and they do not in any way detract from the significance 
of the two complete series. 

DISCUSSION 
The experiments described have failed to provide conclusive evidence for or 


against histamine as the mediator of cold vasodilatation. The main reason for 
the failure is the uncertainty whether sufficient histamine was being delivered 
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to the finger vessels when immersed in the cold water. When histamine is 
injected intra-arterially the cold vasoconstriction must severely restrict the 
amount of histamine reaching the part. When histamine is introduced by 
electrophoresis for the first 2 min of immersion in the cold the absence of 
circulating blood may impair the distribution of the drug through the finger 
tip. Continuous electrophoresis of histamine from the moment of entry into 
the calorimeter seems to cause an accelerated rate of increase in flow beginning 
at the usual time rather than a premature vasodilatation, but this cannot be 
decided with certainty with the present technique. The dose used caused 
general symptoms and a marked increase in forearm blood flow. No such 
effects are present during natural cold vasodilatation, even when the whole 
hand is immersed. 

We were unable to delay the onset of the cold dilatation by the use of anti- 
histamine drugs. This negative result is not significant, however, because we 
were unable to reduce the effect of histamine itself at 29° C by electrophoresis 
of these substances. 

There are similar difficulties in assessing the negative results of the intra- 
arterial injections of acetylcholine. Moreover, previous work (Duff et al. 1953) 
has shown that a great deal of the dose injected into the brachial artery is 
inactivated before reaching the hand. The same objection applies to the 
electrophoretic experiments as to those with histamine. Evidence against 
acetylcholine playing a vital part in the response is provided by the use of 
atropine. The effectively atropinized finger behaves on immersion in cold 
water in a way indistinguishable from the normal finger. 

The experiments with acetylcholine provide, therefore, no evidence that it 
may play a part in the cold response, and the experiments with atropine 
suggest that acetylcholine is not responsible for the release of the initial cold 
vasoconstriction. 

SUMMARY 

1, Following immersion of a finger in cold water there is an intense vaso- 
constriction for about 6 min followed by a large vasodilatation. Administra- 
tion of histamine or acetylcholine after immersion has started, and either by 
intra-arterial injection or electrophoresis, does not advance the onset of 
vasodilatation. 

2. As it is doubtful whether the substances reach the constricted blood 
vessels when given by either route, these negative results do not provide 
evidence against the participation of these substances in the cold vasodilatation. 

3. The fully atropinized finger has a normal cold response. This makes it 
unlikely that acetylcholine plays a part in the reaction. 
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Although nearly twenty years have passed since Chang & Gaddum (1933) first 
drew attention to the lack of specificity of any one method for the bioassay of 
acetylcholine in tissue extracts and perfusates, little serious attention seems to 
have been given to the question as to whether cholinergic functions are 
invariably mediated by this substance. 

The occurrence in animal tissues of other choline esters might be inferred 
from the recognition therein of two cholinesterases (Alles & Hawes, 1940; 
Mendel & Rudney, 1943) called by the latter authors ‘true’ and ‘pseudo’. In 
a recent discussion of the physiological role of pseudo-cholinesterase (Whit- 
taker, 1951), it was suggested that the enzyme, which hydrolyses propiony] and 
butyrylcholine more rapidly than acetylcholine, might function in vivo for the 
hydrolysis of choline esters other than acetylcholine. It was therefore decided 
to investigate the occurrence of choline esters in ox spleen. Spleen was chosen 
because of its high ‘acetylcholine’ activity (Chang & Gaddum, 1933) and 
because it is one of the few mammalian tissues from which acetylcholine has 
been isolated in sufficient quantity for identification chemically (Dale & 
Dudley, 1929). Realizing that the amounts of the choline esters present in 
tissues would be very small, paper chromatography was chosen as suitable for 
the separation (Whittaker & Wijesundera, 1952). 

When dealing with spleen extracts the limitations of paper chromatography 
became evident, hence the direct use of extracts was abandoned and the 
technique applied to a concentrate of the tissue bases obtained by precipitation 
with reinecke salt (Kapfhammer & Bischoff, 1930). Active fractions were 
separately re-chromatographed until homogeneous components were obtained. 
The positions of the esters on the chromatograms were identified chemically, 
and after extraction the esters were characterized and estimated by biological 
assay, 
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In this way it has been possible to show that spleen contains, in addition to 
acetylcholine, two other choline esters, one identified as propionylcholine. 
A brief report of this work has already appeared (Banister, Whittaker & 
Wijesundera, 1951). 
METHODS 
Materials and techniques 


Choline esters. Synthetic choline esters were used, when possible, in the form of the perchlorate 
salts; as these are, in contrast to the chlorides, non-deliquescent and more stable. Acetyl-, pro- 
chlorate (Bell & Carr, 1947). Lactylcholine chloride was prepared by the method of Horenstein & 
Pahlicke (1938). Propionylcholine chloride (PrChCl) was prepared with difficulty from propiony!- 
chloride and choline chloride; a better method (see Fourneau & Page, 1914) was to allow 2- 
chloroethyl propionate and trimethylamine to react at room temperature in dry benzene in 
@ pressure flask. The propionylcholine chloride was then quickly collected by filtration, washed 
with a little dry benzene and stored in a vacuum desiccator containing paraffin wax shavings and 
cone. H,SO,. Acetylcholine chloride (AChCl) and other choline ester chlorides were obtained 
commercially 


Cholinesterase preparation. Horse serum cholinesterase was obtained from commercial horse 
serum by the method of Strelitz (1944). The preparation corresponded to her stage 3. It was 
stored at 0° C with chloroform as a preservative; 1 ml. of undiluted preparation contained 33,000 
unite of activity (1 unit=1 pl. CO,/hr) when incubated at pH 7-4 and 38° C with acetylcholine 
(30 mm) in a bicarbonate/carbon dioxide buffer. 

Cholinesterase activity of spleen homogenates was studied manometrically using the Warburg 
technique (Ammon, 1933). 

Paper chromatography was carried out as described by Whittaker & Wijesundera (1952). For 
large-scale runs solutions were applied as rectangles 2 x 23 cm with the long side at right angles to 
the direction of solvent flow. Strips, 3-5 cm wide, were cut from the chromatograms for assay. 
For transferring material from one chromatogram to another, elution with methanol was used. 
90-100% of the acetylcholine was recovered when 10-100 yg quantities were eluted from 
3-5 x 19 cm strips of paper with 25 ml. portions of methanol. The iodine vapour method of Brante 
(1949) proved useful for visualizing spots since the colour faded on removing the paper from the 
iodine and the material on the spot could then be eluted and assayed biologically. 

_ The R, values of synthetic esters were found to show considerable variation unless the condi- 
tions were rigorously controlled. Factors influencing the R, value are: direction of solvent flow, 
ambient temperature, length of run, initial size of spot, presence of inorganic salts and other 
impurities. When possible, synthetic esters were run simultaneously as controls, ae aes wae 
avoided in preparative chromatograms to eliminate the possibility of cross 


Estimation of choline esters , 

Chemical estimation of choline esters was effected by Hestrin’s (1949) method using a Hilger 
absorptiometer ‘Spekker’ or a Summerson-Klett photometer. 

Biological assays. (1) Frog rectus abdominis muscle: the method was essentially that of 
Chang & Gaddum (1933). The precautions mentioned by Feldberg & Hebb (1947) were taken to 
avoid any errors due to the presence of tissue bases or other substances in the extracts which 
might potentiate, simulate or inhibit the response of the muscle to acetylcholine. (2) Guinea-pig 
ileum: about 2 cm of ileum was suspended in a bath of Tyrode solution. The test solutions were 
added in small volumes and when a maximum contraction had been achieved the organ was 
washed out three times with prewarmed Tyrode before adding the next dose. (3) Leech muscle: 
assays were made with the eserinized and non-eserinized longitudinal muscle of the leech (Hirudo 
medicinalis) as described by MacIntosh & Perry (1950). 
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Biological and chromatographic characterization of choline esters 
Chang & Gaddum (1933) demonstrated that biological methods might be used for the charac- 
terization of choline esters. The data collected in Table 1 show that the activities of a number of 
choline esters, relative to acetylcholine, differ sufficiently widely, when measured on various tissues, 
to permit characterization. For instance, propionyl- and butyrylcholine are more active than 


Taste Relative potencies (acetylcholine = 100) and values of choline esters 


Fall in blood 
pressure, 
uneserinized 
animals Intestine R,* 

A A. Eserinized Eserinized 
Ester of choline () (@ (r) frog rectus leech (a) (6) 
Acetyl 100 100 100 100 100 100 0-14 017 
Propionyl 20° on 4 104 4501 451 0-22 0-27 

210 30° 150-2005 
n-Butyryl — @ 901 0-28 0-29 
n-Valeryl — —_ — — 2 301 0-9! — 0565 
Glycollyl — — 02% 0-22! — 
Lactyl — 0-1° ard 18 — 
5-108 
Acetyl-8-methyl 100* — 0-19 0-23 
Benzoyl — 001° 0-025 0-5-2-0"" 0-28 0-30 
0-1 


* Ascending; (a) n-butanol saturated with water, (b) n-butanol—n-propanol—water (4 : 2 : 1). 
(c) cat, (d) dog, (g) guinea-pig, (r) rabbit. 

1 Chang & Gaddum (1933). * Hunt & Taveau (1911). * LeHeux (1921). * Wertheimer & 
Paffrath (1925). * Present work. * Abderhalden, Paffrath & Sickel (1925). *’ Dale (1914). 


* Simonart (1932). * Kahane & Lévy (1935). % Akcasu, Sinha & West (1952). 


acetylcholine on frog and leech muscle and less active on mammalian smooth muscle, whereas 
acetyl-8-methylcholine is more active than acetylcholine on smooth muscle. Table | also includes 
the R, values for n-butanol—water of the chlorides of the esters listed. It will be seen that acetyl- 
choline has the lowest R, value; each CH, group increases the R, by about 0-07, isomers 
(cf. propionyleholine, acetyl-8-methylcholine) having almost identical values. The increments in 
Ry show that adequate separation and characterization of adjacent esters may be achieved by 
chromatography. 

To test the possibility of using the technique of biological assay to localize and characterize 
choline esters in chromatograms, different combinations of choline esters were applied as a mixture 
to a strip of filter-paper. The several components of the mixture were applied alongside and run as 
controls, After irrigation and evaporation of solvent, the chromatograms were developed in 
iodine vapour. After tracing the position of the spots, the chromatograms of the mixture of esters 
were cut into numbered areas. Each area was cut up and extracted with 2 ml. portions of frog 
Ringer solution (pH 4) for 30 min at room temperature. The extracts were then decanted, stored 
if necessary at 0° C, and the choline ester content estimated by both the guinea-pig ileum and 
frog rectus methods, using as standards the same solutions of the esters as were used for the 
chromatograms, 

Fig. 1 illustrates an experiment in which mixtures of acetylcholine and propionylcholine were 
applied to the paper in amounts of 10 yg each. Fig. la is a tracing of the chromatogram after 
development with iodine vapour. The amounts of ester recovered from each area are shown in 
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Fig. 1b. The method used for computing the quantities of acetylcholine and propionylcholine 
from the results of the differential assay is given in full in the Appendix. Fig. 15 illustrates that 
there is good recovery of both substances and that each is localized in its appropriate area. In the 
eluates of areas 3 and 4, identical results were obtained with both assay methods when acety!- 
choline was used as a standard, showing that the material in these areas (amounting to 87% of 
the recovered acetylcholine) was pure acetylcholine uncontaminated with propionylcholine. 
Similarly, areas 6 to 9 contained 98% of the recovered propionylcholine uncontaminated with 
acetylcholine. With 1 pg amounts of the esters good localization and separation were again 


ACh PrCh (a) 
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Fig. 1. Differential assay of chromatograms, run in n-butanol-water, of mixtures of acetyl- (ACh) 
and propionylcholine (PrCh).: (a) Tracing of chromatogram of 10 ug of each ester. (b) Differen- 
tial assay of chromatogram (a). The length of run was 23 cm. Total propionylcholine recovery, 
80%. Total acetylcholine recovery, 75%. 


achievei Eut the recovery was low. A correlation between localization by bioassay and by iodine 
vapour was always found: thus if diffuse spots, ‘tailing’ and overlapping were found, as occasionally 
happened, on developing chromatograms in which insufficient attention had been given to the 
technical details of the run, poor localization and overlapping were also found in the bioassays. 

The caleulation of the distribution of acetyl- and propionylcholine from the results of the 
differential assay assumes that the biological effect of the two esters is additive, i.e. that no 
potentiation occurs. This was found to be true for the guinea-pig ileum preparation, but a small 
degree of potentiation was occasionally found in the frog rectus assay. It is possible, therefore, 
in the eluates of areas containing both acetyl- and propionylcholine, that the calculated amount 
of the latter substance was too high. However, the area of overlap was small, and the results for 
the main portion of each component are unaffected. 

Biological equivalence of chlorides and perchlorates 

Difficulty was caused at one point in the work by the discovery that equimolar amounts of our 
samples of synthetic propionylcholine chloride and perchlorate did not give equal biological 
responses. This was traced to the greater instability of the chloride in the solid state. A fresh 
preparation of the chloride was compared with the perchlorate using the Hestrin (1949) colori- 
metric estimation for carboxylic esters. Equimolar solutions were found to give equal colour 
intensities and equal biological responses. The same was shown for acetylcholine. It is thus 
legitimate to use the more stable perchlorates as standards in the bioassays and this was the usual! 


practice throughout the work. As the spleen preparations contained the bases as chlorides, the 
results of the assays are given in terms of the chloride. 
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Extraction of the esters from tissue 


The alcohol extraction method of Dale & Dudley (1929) formed the first stage of our procedure. 
It was felt that extraction by aqueous trichloroacetic acid, while possibly being more efficient, 
would be less suitable as a preliminary to chromatographic separation, as the aqueous solution 
would contain more salt and would take longer to evaporate to a small volume. We first attempted 
to chromatograph aqueous extracts of the residue obtained when an alcoholic extract of spleen 
tissue was evaporated in vacuo. These extracts contained too much fat and inorganic salt to permit 
satisfactory chromatography. Accordingly, the tissue bases were purified further as the reineckates 
(Kapfhammer & Bischoff, 1930). Four large-scale preparations were carried out; a typical 
preparation is described. 

Ten ox spleens (8-5 kg) were collected from the slaughterhouse, packed in ice-chips. After the 
outer sheath and fat had been removed as completely as possible, the spleens were cut into strips 
and passed through a mincer into ethanol (15 1.). The cutting and mincing were carried out in the 
presence of ethanol as recommended by Dale & Dudley (1929). The slurry of minced tissue and 
ethanol was brought to pH 4-5 with hydrochloric acid and left overnight in the cold-room with 

Next day the alcoholic extract was filtered off and evaporated (bath temperature 35—40° C) 
under reduced pressure to 800 ml. which was then made up to 5% with trichloroacetic acid, 
extracted repeatedly with ether, and evaporated to 25 ml. The addition of trichloroacetic acid was 
necessary to ensure complete extraction by the ether of the fat present and to avoid the formation 
of a stiff emulsion of the ether in the fat-laden solution. 

The aqueous layer was treated with reinecke salt (3 g) dissolved in the minimum amount of 
water at pH 4-5. A voluminous pink precipitate formed and was collected by filtration after 
standing at 0° C for some hours. It was washed with a minimal quantity of ice-cold water and 
stored in a vacuum desiccator. Addition of more reineckate to the supernatant gave no further 
precipitate. 

The reineckate precipitate (3-8 g) was dissolved in 200 ml. 50% (v/v) aqueous acetone and 
saturated aqueous silver sulphate (260 ml.) added until excess Ag+ was present (p-dimethyl- 
aminob Irhodanine as external indicator). After silver reineckate had been removed by 
centrifuging, the solution was freed from SO,*- and Ag* by the addition of 10% (w/v) aqueous 
BaCl, until a slight excess of Ba*+ was present (rhodizonic acid as external indicator). After 
removal of BaSO, by centrifuging, the solution was reduced in volume to 10 ml. A trace of Ba**+ 
(which it was feared might interfere with the bioassays) was removed by adding dilute aqueous 
Na,SO, until the solution ceased to give a Ba*+ reaction with rhodizonic acid. The total choline 
ester content of the preparation at this stage, assayed as acetylcholine chloride by the frog rectus, 
was 2:1 mg or 0-24 ug/g spleen tissue. This figure is much lower than that reported by Chang & 
Gaddum (1933), but there was evidence that the purification procedure entailed considerable 
losses of activity. 


RESULTS 
Paper chromatography of concentrate of tissue bases 


In preliminary small-scale experiments, concentrates of tissue bases, prepared 
as described in Methods, were applied as spots to filter-paper and run in 
n-butanol. It was found on assaying a sample strip of the chromatogram by 
the frog rectus method, that acetylcholine activity was not confined to the 
area expected from the known Ry of acetylcholine but was also present in two 
other areas of higher Ry. Assay with the guinea-pig ileum showed comparable 
activity only in the area of lowest Ry. The three components giving rise to 
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these activities will be referred to as the S (‘slow’), M (‘middle’) and F (‘fast’) 
components. From the Ry values and physiological behaviour of the Sand M 
components, they were tentatively identified as acetyl- and propionylcholine, 
and attention was then directed to characterizing them further. The appropriate 
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Fig. 2. Differential assay of (2) S component and (b) M component. The components were 
separated by descending chromatograms in n-butanol—water. a: Tracings of chromatogram 
of a mixture of synthetic acetyl- and propionylcholine, and S component. Length of run 
32 cm. a*: Results of differential assay of chromatogram of S component. 6': Tracing of 
chromatogram of synthetic acetyl- and propionylcholine, and M component. Length of run 

33-5 cm. 5*: Results of differential assay of chromatogram of M component. 


areas were excised, extracted with methanol and re-chromatographed. 
Figs. 2a) and b! are, respectively, the tracings of chromatograms of the S and 
M components and mixtures of synthetic acetyl- and propionylcholine run as 
controls. Figs. 2a* and b give the results of the differential assay of chromato- 
grams of the S and M components in which the amounts of acetyl- and pro- 
pionylcholine, which could have accounted for the responses of the two 
organs, have been calculated. It will be seen that the main component of S 
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behaved chromatographically and physiologically like acetylcholine, and the 
main component of M behaved like propionylcholine. 

Each main component was, however, contaminated by the other and the 
conditions did not permit a sharp separation. The amount of material available 
did not allow further characterization, so a large-scale separation was carried 
out. 

A concentrate of tissue bases from 8-5 kg of spleen tissue (prepared as 
described earlier) was submitted to large-scale chromatography by distributing 
the material equally on to twelve large sheets (27 x 50 cm) of filter-paper. By 
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Fig. 3. Distribution of activity of concentrate of spleen bases along chromatogram. The total 
activity (as ug acetylcholine) and the area number are given for each assay. The length of 
run was 42 cm. Solvent »-butanol—water (descending). 


drying the papers between applications it was possible to confine the material 
to a rectangle 2 cm in width, 2 cm from either edge and 12 cm from the bottom 
edge of the paper. After running, a control strip 3-5 cm wide from one of the 
sheets was taken for assay. From this the total activity in all sheets was 
calculated as yg/‘acetylcholine’/cm of chromatogram. Its distribution along 
the chromatogram is given in Fig. 3. The total recovered activity amounted to 
105% of that applied. In this large-scale run, the separation of the activity 
into discrete components was not as sharp as in previous experiments, but it 
was thought that the peak in area II (Ry 0-04-0-12) would correspond to 
acetylcholine, that the M component would be mainly in area III (Rp 0-12- 
0-21) and F component mainly in area VI (Ry 0-46-0-57). Accordingly, these 
areas were excised, extracted with methanol, the extracts from corresponding 
areas pooled and, after evaporation of the methanol, re-chromatographed. 
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Identification of acetylcholine in area II (Fig. 3): S component 
Approximately 60°%, of the total activity of the chromatogram of the 
material from area II was recovered below Re 0-14. This was re-chromato- 
graphed. The main component was identified chromatographically as 
acetylcholine (Fig. 4). 


(\ hy 


area Ii (fig. 3) 


Fig. 4. Tracings of chromatograms of S component eluted from area II of Fig. 3. Re-chromato- 
graphy of the compound: (a) descent in n-butanol—water, run 36 cm; (b) ascent in n-butanol- 
water, run 17-3 cm; (c) ascent in n-butanol-n-propanol-water (4: 2: 1), run 16 cm, showed 
that ite behaviour was similar to acetylcholine chloride. 


Chromatography of active material from area III (Fig. 3): M component 

Approximately 65 % of the total activity of the chromatogram of the material 
from areas III and IV was extracted between R,’s 0-13 and 0-29 and re-chrom- 
atographed. Fig. 5a is a tracing of one of three chromatograms. Only one com- 
ponent was present in amounts sufficient to give a colour reaction, though the 
crescent shape of the lower margin of the spot suggested that a second com- 
ponent might be following it. Fig. 5b gives the differential assay of this 
chromatogram. It will be noted that there is very little response of the 
guinea-pig ileum to the extracts of any portion of the chromatogram and that 
the peak of this response does not coincide with the peak of the frog rectus 
response. When the amounts of acetyl- and propionylcholine required to elicit 
the observed responses are calculated, as described in the Appendix, the results 
plotted in Fig. 5c are obtained. It will be seen that the material in section 5 of 
Fig. 5a (Ry 0-23-0-4) and corresponding to the spot, assayed as almost pure 
propionylcholine. The small ileum response was slightly larger than could be 
accounted for by the propionylcholine content of the area, but the observed 
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ratio of activities would have been obtained if the propionylcholine were con- 
taminated with as little as 0-5% acetylcholine. The yield was 40 yg, corre- 
sponding to 22%, of the acetylcholine activity found in area III of Fig. 3. The 
active substance of section 2 (Fig. 5a) corresponds to almost pure acetyl- 
choline; here again, the ratio of activities in the two assays was not quite 
unity when acetylcholine was used as a standard, but the presence of 6°, 
propionylcholine in the area would account for the observed ratio. 


7 
1 
(0) 
to 
1s 
sr 
() 
2+ 
os Rs 10 
5 10 15 
ak Length of run (cm) 


Fig. 5. M component. (a) Chromatogram of material from areas III and IV, Fig. 3. (6) Differen- 
tial assay of chromatogram; results of assay. (c) Distribution of acetyl- and propionylcholine 
in chromatogram calculated from (6). 


The component from section 5 (Fig. 5a) was eluted with methanol and re- 
chromatographed (a) in aqueous butanol, (b) in n-butanol-n-propanol—water 
(4: 2:1). Synthetic acetyl- and propionylcholine chlorides were run alongside 
as controls, thus permitting a direct comparison of the Rp of the M component 
with the Rp’s of these esters. n-Propanol, in varying combinations, is the only 
solvent of a large number investigated which gives a separation as good or 
better than that achieved by n-butanol (Whittaker & Wijesundera, 1952). 


_ Tracings of the chromatograms are shown in Fig. 6. It will be seen that in each 


case, the Ry of the M component is the same as that of propionylcholine and 
distinctly greater than that of acetylcholine. 

The M component was also shown in experiments with the frog rectus to be 
stable when boiled in acid solution and to be rapidly destroyed when boiled 
with alkali, thus behaving in these classical tests like a choline ester. Further- 
more, choline was detected in a chromatogram of a sample of the substance 
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which had become inactive during storage. The M component was also 
destroyed by incubation with purified horse serum cholinesterase. This shows 
that it is not acetyl-8-methylcholine, which has a closely similar Ry value in 
all solvents so far tested, a conclusion already implicit in its behaviour in the 
bioassays. 


AChC! Prchci 


Fig. 6. Chromatograms of M component eluted from section 5 (Fig. 5a), compared with acety!- 
and propionylcholine chloride. The figures within the spots are the mean R,’s. Ascending 
chromatograms (a) in »-butanol—-water, run 18cm; (6) in 2-butanol-n- 
(4: 2:1), run 11 om. 


Chromatography of areas V and VI (Fig. 3): F component 

The material in areas V and VI (Fig. 3) was eluted with methanol and 
chromatographed. From this chromatogram the active substance above 
Ry 0-3 was eluted and chromatographed again and assayed differentially. It 
will be seen (Fig. 7) that the peak of the F component lies between R,’s 0-6 
and 0-7 (ascending chromatogram) which is distinctly higher than that of 
valerylcholine (mean Ry 0-55) the highest Ry» of any synthetic ester available. 
That F is a choline ester was shown by the destruction of its activity (frog 
rectus) by m/3 alkali and by horse serum cholinesterase. 

It was thought that if the F component was a choline ester it might be 
possible to detect choline chromatographically after alkaline hydrolysis. The 
R, of choline is 0-03-0-05 Ry unit lower than that of acetylcholine. Accordingly, 
an amount of F component equivalent to 20 ug acetylcholine in 1 ml. was 
destroyed by heating in a boiling-water bath for 15 min with a drop of n-NaOH, 
the solution neutralized with n-HCl, evaporated to dryness im vacuo and 
extracted with methanol. The methanol extract was run as a single chromato- 
gram. Acetylcholine chloride (20 ug) and choline chloride (10 yg) were 
similarly treated and run as controls. Fig. 8 is a tracing of the chromatogram 
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obtained. It will be seen that choline (Ry 0-09) is present in the hydrolysate 
of F; a complex pattern of fainter spots was also obtained. This suggests either 
that the F component is not a single entity or that it was still contaminated 
with other substances. 
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Fig. 7. Differential assay of F component from areas V + @ + 
and VI, Fig. 3. Material run as six ascending chro- 33 = 
matograms in n-butanol—n-propanol—water (4: 2: 1). g 
Total recovered activity was equivalent to 46 yg 5 i ¢5 
acetylcholine. 
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Fig. 8. Ascending chromatogram of 
alkaline hydrolysate of F. The 
shading indicates the relative 
choline chloride spot, 0-09. 
Solvent, n-butanol—water. 


The possibility was considered that F was a choline ester of one of the keto- 
acids of importance in metabolism. Accordingly, we studied the absorption 
spectra of portions of hydrolysate to which had been added 4-nitro- and 2 : 4- 
dinitro-phenylhydrazine under the conditions used by Friedmann & Haugen 
(1943) in their colorimetric determination of keto-acids. Coloured complexes 
were formed with absorption maxima at 410 and 445 um respectively, but the 
absorption curves were not identical with those of pyruvic, «-ketoglutaric, 
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acetoacetic acid or oxaloacetic acid. The R,’s of the first three of these acids 
are all below the unidentified spots in Fig. 8. 

- Inhibition of their activity by atropine and potentiation by eserine are 
generally considered to be characteristic of choline esters. Accordingly, these 
effects were studied on the frog rectus and leech muscle respectively. 

The tracings in Fig. 9 show the depressant effect of 150 yg atropine on 
the response of the muscle (i) to 0-2 wg acetylcholine, (ii) to an amount of F 
equivalent to this amount of acetylcholine. In both cases the depression 
lasted for at least one contraction after the atropine had been washed out. 

Fig. 10 shows the response of the longitudinal muscle of the leech to F and 
to acetylcholine before and after eserinization. The potentiating effect of 
eserine is marked in both cases. Both these experiments therefore support the 
conclusion that F is a choline ester. 


(a) 


; 


Fig. 9. Fig. 10. 

Fig. 9. Top line: inhibition of response of frog rectus to 0-2 ug acetylcholine (A) by 150 yg atropine 
(Atr.). Bottom line: similar inhibition of the response to F (fast component). Test solutions 
were washed out after 90 sec. 

Fig. 10. Contractions of longitudinal muscle of leech. A : 0-03 ug acetylcholine, F : fast component. 
(a) before eserine, (6) after sensitization with 1/100,000 eserine. Test solutions were washed 
out after 90 sec. 


Cholinesterase activity of the spleen 
Homogenates of ox spleen possess a fairly high cholinesterase activity. 
Table 2 gives the rates of hydrolysis of several esters expressed as pl. CO, 


liberated/hr/g wet weight of tissue at 38° C. It will be seen that the specificity 


pattern of the whole homogenate corresponds to neither of the classical 
TaBLE 2. ‘Specificity’ of cholinesterase of whole spleen homogenate 


Rate of hydrolysis (ul. CO,/g pemeete) 
at concentrations indicated belo 


Ester 


6 mm 
Acetylcholine 536 624 
Propionylcholine 512 584 
Icholine 664 
Acetyl 456 — 
5 
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cholinesterase types nor to a mixture of them. Thus in spite of the failure to 
hydrolyse benzoylcholine at an appreciable rate, butyrylcholine, a substrate 
which is hardly attacked by ‘true’ cholinesterases, is split faster than acetyl- 
or propionylcholine. No attempt was made to decide whether the overall 


specificity pattern of the spleen homogenate was that of a single cholinesterase 
or was the composite pattern of a mixture of enzymes. 


DISCUSSION 


Tissues from which acetylcholine has been isolated in chemically identifiable 
quantities are spleen (Dale & Dudley, 1929), brain (Stedman & Stedman, 1937), 
blood (Kapfhammer & Bischoff, 1930; Dudley, 1933), intestine of the horse 
(Chang & Gaddum, 1933), and the nervous system of Octopus vulgaris (Bacq 
& Mazza, 1935). It has also been physiologically characterized in extracts of 
human placenta (Chang & Gaddum, 1933), and in the perfusate of the superior 
cervical ganglion (Feldberg & Gaddum, 1934) and the stomach (Dale & Feld- 
berg, 1934) during nervous stimulation. 

The work described in the paper has revealed the presence in ox-spleen 
extracts of two choline esters in addition to acetylcholine. One of them has 
been identified physiologically and chromatographically as propionylcholine. 
The other ester, which we have referred to as the F component, remains un- 
identified and may not be a single substance. In their classical work on the 
isolation of acetylcholine from horse spleen, Dale & Dudley used the rabbit 
jejunum for assaying the activity of their fractions. As propionylcholine and 
the F ester are relatively inactive on the mammalian intestine, they might 


have been present in the fractions which Dale & Dudley discarded. 


Apart from the phospholipids and their breakdown products the only other 
choline derivatives which, so far as we are aware, have been reported to occur 
in animal tissues, or indeed in biological material generally, are murexine 
(Erspamer & Dordoni, 1947); and a form of bound choline in the oxytocic 
hormone (Freudenberg & Biller, 1936). The constitution of neither of these 
derivatives is known. Propionylcholine is thus the first simple physiologically 
active derivative of choline of known constitution, other than acetylcholine, 
to be isolated from biological material. 

In considering the possible identity of the F component it seems unlikely 
that it is the ester of a homologue of acetic acid. The Ry of F corresponds to 
an n-acyleholine, one or more CH, groups above valerylcholine. The physio- 
logical properties of these higher homologues are not known, but the trend 
(Table 1) is clearly towards low absolute activities and a high rectus/intestine 
activity ratio, The activity of F per unit weight is not known, but the impres- 
sion was gained from the intensity of the spots that this could not be very 
different from that of acetylcholine, and the differential assay suggested an 


activity ratio of about 10. 
5-2 
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It is possible that F is a choline ester of an amino-, hydroxy- or keto-acid. 
It is not lactylcholine, as this has too low an Ry value and has a very low 
biological activity. We have not had any amino-acid esters available for com- 
parison, but those described in the literature, glycylcholine (Abderhalden et al. 
1925), alanyl- and leucylcholine (Freudenberg & Keller, 1938) have been 
reported to have very feeble physiological activity. There is some evidence 
that F is a keto-acid ester, in that F and its alkaline hydrolysate reacted with 
2 : 4-dinitrophenylhydrazine and 4-nitrophenylhydrazine to give substances 
with absorption spectra in the visible and near ultra-violet, but the presence 
of pyruvate, acetoacetate, «-ketoglutarate or oxaloacetate could not be con- 
firmed. Unfortunately, physiological data are available for only one keto-ester, 
pytuvylcholine. It is interesting that this alone, of all choline esters of naturally 
occurring acids other than the immediate homologues of acetylcholine, is fairly 
active, and although its differential response precludes its being identical with 
F, it is possible that some other keto-acid might show the required properties. 

A considerable proportion of the total ‘acetylcholine’ activity of ox spleen 
as assayed by the frog rectus must be due to propionylcholine and F. It is not 
possible to say with certainty what this proportion is, since considerable loss 
of activity occurred both during the initial separation of the tissue bases and 
the repeated chromatography of the various active fractions. If the activities 
of areas III and IV of Fig. 3 are taken to be mainly due to propionylcholine 
and those of areas V and VI to F, these substances account for about 20 and 
30% respectively of the activity of the original extract. 

Recent publications by Crawford (1951) and Smith (1952) illustrate some of 
the pitfalls in the isolation of biologically active materials from tissues. Craw- 


ford identified lactyladrenaline and lactyl-noradrenaline in extracts of an 


adrenal medullary tumour which also contained the free bases. If, however, 
the acid ethanol extract was not evaporated to dryness, no lactyl esters were 
detected, and he concluded they were artifacts. It is possible that propiony|- 
choline might make its appearance in a similar way from choline, an ubiquitous 
tissue constituent, and propionic acid, formed with other lower fatty acids 
(cf. Gray, Pilgrim, Rodda & Weller, 1951) in the ruminant stomach and thence 
absorbed into the blood stream (Reid, 1950). We do not think this likely, 
as care was taken to avoid evaporating our extracts to dryness and the bath 
temperature was not allowed to exceed 40° C. Smith (1952) has pointed out 
that a single substance may, in the presence of salt and in an improperly 
equilibrated column, migrate as more than one band.. In our work, any salt 
present would have been eliminated after the first chromatogram, and active 
fractions invariably ran as single components after elution and re-chromato- 
graphy. There is evidence, however (cf. Abdon & Hammarskjéld, 1944) that 
the acetylcholine in tissues is present as an inactive complex from which it is 
liberated by acid extraction fluids. We have no information as to whether the 
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same applies to the other choline esters in our spleen extract and in this sense 
they may be artifacts. 

The present work gives no clue as to the physiological role of propiony]- 
choline and the F component in ox spleen, but indeed there is as yet no 
satisfactory explanation for the large amounts of acetylcholine found in this 
organ. 

With regard to the metabolism of the choline esters in ox spleen, we have 
shown that this tissue, though almost without action on benzoylcholine, can 
hydrolyse propionyl- and butyrylcholine at a rate comparable to that of acetyl- 
choline. Mendel & Rudney’s statement (1944) that ruminant tissues contain no 
pseudo-cholinesterases was possibly based on an inability to hydrolyse benzoy]- 
choline and may be misleading unless the limitations of specificity studies with 
only two substrates, acetyl-8-methylcholine and benzoylcholine, are borne in 
mind. No attempt has yet been made to study the synthesis of propionyl- 
choline and F component but the observation of Korey, de Braganza & Nach- 
mansohn (1951) that purified squid ganglion choline acetylase can synthesize 
propionylcholine from added propionic acid and choline suggests that essen- 
tially the same enzyme mechanisms may be involved as in acetylcholine 
synthesis. Propionate has generally been considered to be metabolically inert 
but propionate originally derived from gastric fermentation or from some other 
source might be utilized for the synthesis of propionylcholine in vivo. There is 
evidence that enzymes dependent on coenzyme A exist in animal tissues and 
bacteria which are capable of activating not only acetate but also other organic 
ions, e.g. benzoate (Chantrenne, 1951), succinate (Sanadi & Littlefield, 1951) 
and propionate (Stadtman, 1952), in acylation reactions. Such observations 
suggest a fruitful line of attack on this problem. 


SUMMARY 


1. A method has been worked out for separating and characterizing choline 
esters using a combination of paper chromatography and differential bioassay. 
The esters are characterized both by their Ry and their differential response 
when assayed by (a) the frog rectus, (b) the guinea-pig ileum. 

2. The method was applied to extracts of the bases present in ox spleen, 
after preliminary concentration by reineckate precipitation. 

3. In addition to acetylcholine, two other active esters were detected in the 
chromatograms. One of these was identified chromatographically and 
physiologically as propionylcholine. The other (Ry 0-65 in n-butanol—water) 
was shown to be a choline ester but has not yet been identified. 

Most of this work was carried out in the Departments of Biochemistry and Physiology, 
University of Oxford, during the tenure by one of us (V. P. W.) of a Medical Research Council 
grant-in-aid, We are grateful to Dr P. W. Kent for the preparation of lactylcholine and to the 
University of Ceylon for a Travelling Fellowship (S. W.). 
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APPENDIX 
Method of estimating acetylcholine and propionylcholine by differential 
bioassay. 
Let += total quantity in area as yg acetylcholine giving an equivalent response 
as assayed by the ileum. 
r= total activity in area as wg acetylcholine giving an equivalent response 
as assayed by the rectus. 
P,=pg propionylcholine equivalent to 1 yg acetylcholine in the ileum. 
P,=yg propionylcholine equivalent to 1 «g acetylcholine in rectus. 
These amounts of acetyl- and propionylcholine (z, y) in the area are the 
solutions of the simultaneous equations 
z+y/P;=1, 
P,=r, 
from which it is seen that 
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THE DENSITY FLOWMETER, A DIRECT METHOD FOR 
THE MEASUREMENT OF THE RATE OF BLOOD FLOW 


By G. 8. DAWES, JOAN C. MOTT anv J. R. VANE 
From the Nuffield Institute for Medical Research, University of Oxford 
(Received 29 October 1952) 


Of the many methods available for measuring the rate of blood flow, few rely 
upon a direct measurement of volume and time. Volkmann (1850) (Fig. 1a) 
measured the rate of arterial blood flow directly under conditions approxi- 
mating to physiological, and his apparatus was modified and improved by 
Ludwig who incorporated a reversible oil-chamber (Dogiel, 1867) (Fig. 16). In 
1887 Pavlov made Ludwig’s stromuhr automatic by providing electromagnetic 
taps to change the direction of flow in the two bulbs (Fig. lc), using the 
Y inlet and outlet tubes devised by Stolnikow (1886). Since then many 
modifications of this principle of measuring rate of flow have been published. 
These modifications have been of two kinds, involving either the mechanical 
apparatus used for closing or opening the four tubes (Fig. 1c), or the detection 
device which operates it, e.g. floating contact-maker (Pavlov, 1887), change of 
electrical resistance (from oil to mercury) or change of opacity detected by 
photo-cells (Lu & Melville, 1950). The apparatus has, however, remained bulky 
and inconvenient. | 

The method to be described was designed to make direct measurements of 
the rate of blood flow in an artery. It involves an application of Volkmann’s 
principle which is mechanically simpler than Ludwig or Pavlov’s method, or 
any more recent modification thereof. 


METHOD 


Fig. 1d illustrates the principle used. Blood flows continuously through the 
apparatus. The upper portions of the two chambers are filled with a fluid 
which is lighter than and immiscible with blood, and which has an electrical 
resistance much greater than that of blood. The cycle of operation begins wit) 
closure of the electromagnetic tap 7’, when the blood which previously flowed 
directly from K to L is diverted around the upper portion of the apparatus. 
The meniscus (M) between the blood and the inert fluid above it begins to rise, 
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and the time taken for this meniscus to travel between the ends of electrodes 
B and A is recorded. This is the time for a known volume of blood to pass 
through the apparatus. As the meniscus M rises, meniscus N falls, and because 
of the difference in specific gravity of the two fluids a small (physiologically 
insignificant) pressure difference develops across KL. When meniscus M 


b Dogiel, 1867). Time movement 


. 
(c) Pavlov (1887). Time movement of blood @) This Spee. ie ~ and time. move- 
through one direction between electrodes A 
of automatically by opening let B; restore blood levels by 


magnetic tap 7',; and closing 7',. opening 7’. 
Fig. 1. Principle of operation of direct-recording flowmeters. 


reaches electrode A the electromagnetic tap is released and because of the 
pressure difference meniscus M falls below electrode B, ready for the next 
cycle to begin. It will be seen that only one tube has to be opened and closed, 
as compared with four in Pavlov’s and subsequent applications of Volkmann’s 
principle, 

Details of construction 
The overall dimensions of the flowmeter are 8-5 cm wide, 7cm deep and 17-5 cm high. The 


Perspex chambers and Portex and rubber tubing of which the apparatus is composed are 
assembled on a duraluminium panel, to which they are attached by two plugs on the back of the 
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electrode chamber and a clip around the return chamber (Figs. 2 and 3). They are easily removed 
for cleaning. The lower plug which supports the electrode chamber penetrates the wall and con. 
stitutes the earth connexion. The electromagnet which operates the tap, and the main electrical 
socket and all wiring points are enclosed behind the panel (Fig. 3). The whole flowmeter is 
supported from a single horizontal rod, and one 7-core flexible cable carries the electrical leads. 

Consideration of Fig. 1d explains at once certain features of the design. The connecting tubes 
are as wide as possible to minimize pressure loss across the meter; they are short in order to keep 
the volume of the apparatus small. The distance AB is such that instrumental error (arising from 
the pulsation of the meniscus M) is negligible. The quantity of blood in the return chamber NL at 
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Fig. 2. Sectional view of flowmeter. The chambers are made of Perspex, the washers from Portex 


sheet, the connecting tubes of rubber and the electrodes of silver wire. The bag is moulded 
from rubber solution on a former. 


the beginning of the cycle of operation is larger then that contained between the electrodes AB so 
that there is no chance of the inert fluid entering the blood stream. A small economy in height is 
also made by expanding the lower parts of the two chambers as shown in Figs. 2 and 3. 

The volume of blood contained between electrodes A and B in this form of the instrument was 
1-5 ml., and it was used successfully for recording flows of 2-50 ml./min. The upper limit is 
determined in part by the temporal resolution of the recording instrument, which is discussed 
later, and the lower limit by the danger of producing vasotonins when a large measuring chamber 
is used with very slow rates of flow. For larger volumes of flow, larger measuring chambers have 
been constructed. The inside of the measuring chamber and the electrodes must be polished and 
clean, so that the meniscus rises smoothly. 

In our first experiments xylene was used as the ‘inert fluid’; this has a sp.gr. 0-8, low viscosity 
and is immiscible with water. It was feared that it would be too toxic, but in practice it never 
appeared to mix with the blood. Experiments ran for hours at a time without any undesirable 
effects on the animal, but the xylene slowly softened the Perspex and connecting tubes. It was 
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therefore aband din favour of Silicone DC 200/0-65 cs, sp.gr. 0-75, viscosity 0-49 oP at 25° C, b.p. 
99-5° C made by Midland Silicones Ltd. This fluid is colourless and has a very low electrical con. 
ductivity; it does not affect the Perspex or plastic and rubber connecting tubes, it forms a 
well-defined meniscus with blood and is non-toxic. 

With both xylene and Silicone DC 200/0-65 os, there was a tendency for the blood to form fibrin 
threads on the electrodes, in spite of the use of a large amount of heparin. Although the apparatus 
would sometimes work satisfactorily for more than an hour at a time, on other occasions it soon 


4 ~ 
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cover 


Fig. 3. The assembled flowmeter and Perspex cover. The insert shows the detail 
of the electromagnetic tap when the side of the instrument has been removed. 


became quite unreliable, as the lower electrode was effectively lengthened by ® thread of fibrin. 
This problem was not solved until blood was prevented from coming into contact with the 
electrodes by the interposition of a thin rubber bag filled with saline (Fig. 2). The bags are cast 
from rubber solution on a Perspex former and are made as thin as possible and of such a shape as 
to offer negligible resistance when distorted. 

cornpress the rubber tube between K and L (Fig. 1d) against a cylindrical anvil. It is pivoted at 
its centre on the duraluminium panel (Fig. 3). A block of soft iron is attached to the other end of 
this bar and is pulled upwards by two 200 Q relay coils supplied from the 40 V power-supply 
which operates the control unit. The control unit was designed so that the electrode current (5 1A) 
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was only applied for a short time. The circuit is shown in Fig. 4 and the operation cycle in Table 1. 
The only point which requires further comment is that while the meniscus M is falling its position 
. is tested automatically at intervals regulated by the value of the condenser across the relay coils 
R,. This relay opens, and, if the meniscus M (Fig. 1d) has not yet fallen below B, closes again for 
a further interval. The measuring part-cycle is thus prevented from starting until the meniscus 
has fallen below B. And on the other hand, the frequency of this test can be adjusted so that the 
least possible time is wasted on the (useless) return part of the cycle. 
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Fig. 4. Circuit diagram of the’control unit. Relay contacts are shown in the position occupied 
when current is not flowing. The principle of operation is explained in Table 1. 
TaBLE 1. Operation cycle for flowmeter 


eS A; lower electrode B; S,, 8S, as drawn; blood level below B and, 
since tap is rising. ; 


Tube 
Blood R, grid to R, R, R, R, Tap Timer 
Below B Off B Off On Off Off Closed Off 
AtB On B-A(R,4) On On | Off Off Closed On (2,2) 
Off A On (R,1) Off Off Off Closed On 
(condenser 
discharged) 
At A On A On Off On On 
(4,2) (R,2) (R,3) (R,1) (100 pF x (2,2) 
R,2) 
Below A On B Off 


On On Off Open Off 
(R2) (100 x2 kM) 


Under these conditions R, closes agai 1, R,1 and ite condenser is recharged. This cycle 
will then repeat until the blood falls Band 


B and R, is able to open; the tap will then close a°d 
blood begin to rise again. 

Note. (1) The current (about 5 1A) will only flow through either electrode for a fraction »f 
a second, closure of R, at once resulting in electrode contact broken. (2) If 8, is moved 
over, the cycle will with the tap open, when R, is held on (R,1). Push-button interruption © 
this circuit at 8, will cycle only. | 


allow one complete 
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The time interval measured by the instrument can be recorded in a number of ways. We have 
so far used two methods which are fairly simple and readily available. Gaddum’s drop-timer 
(Gaddum & Kwiatkowski, 1938) gives a visual record on a smoked-drum, which is easily calibrated. 
When the measurement of the absolute rate of blood flow was required simultaneously at more 
than one point in the circulation over a number of hours, it was found better to use another method. 
A synchronous motor was geared down so that it made and broke a pair of contacts ten times per 
second, The pulses thus generated were used to actuate four post-office electromagnetic counters 
each connected to a separate flowmeter during the recording part of the cycle. The interval was 
then read off to the nearest tenth second. 

Heat loss was prevented by enclosing the apparatus within a Perspex cover which slips 
vertically over it (Fig. 3). A small heating element, arranged beneath the two chambers and 
covered by a thin sheet of mica was controlled by a thermostat. In order to keep the differential 
temperature as low as possible a constant current was maintained through the heating element. 
The current was increased by the thermostat circuit when the temperature in the apparatus fell. 
Variation in laboratory temperatures was sufficiently large to warrant the provision of a fairly 
wide range of heat dissipation from the element (30 Q). This was achieved by supplying the element 
from alternative transformer tappings of 12-30 V in 3 V steps. With this system there was little 
danger of the blood in immediate contact with the Perspex walls of the chambers being at any time 
raised to an excessive temperature. 

To prepare the meter for use, saline, dextran or blood is run into the lower part. The bag is filled 
with saline and the upper part is filled with silicone; the levels of the menisci are then adjusted to 
their operating positions, The quantity of saline in the bag can be altered by introducing a fine 
syringe needle through the rubber nipple at the bottom and front of the electrode chamber 
(Fig. 3). The electrode assembly is then screwed into position and air bubbles are removed through 


the valve provided. 
Performance 


By using different sizes of measuring chamber, rates of blood flow have been 
recorded from 1 to 500 ml./min. The range could presumably be extended 
much further. The pressure drop across the meter naturally varies with the 


velocity of blood flow and with the viscosity; it also increases during the 


measuring part-cycle owing to the difference in specific gravity of blood and 
of the inert fluid in the meter. This component did not exceed 1-5 mm Hg, 
and the maximum total pressure loss using a mean rate of blood flow of 
50 ml./min did not exceed 3-4 mm Hg. The duration of the useless recovery 
part-cycle is not more than a few seconds. Variation in outflow temperature 
has not been more than +0-5° C and is usually much less. 

The quantity of blood required to fill the apparatus is not large; it varies 
with the size of the measuring chamber, which in turn is dependent on the 
largest volume flow required to be measured and the temporal discrimination 
of the recording apparatus. For a meter which will comfortably handle 
45 ml./min, with an inter-electrode volume between A and B of 1:5 ml. and 
(in this instance) a minimum measuring time of 2-0 sec, the blood volume 
required to fill the apparatus is between 4 and 5 ml. with an adequate safety 
margin, To this must be added the volume needed to fill the tubes connecting 
the apparatus to the artery, which may vary according to the experimental 
conditions. 
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The accuracy of the meter has been checked by pumping saline through it — 
from a pulsatile pump at rates of from 1 to 50 ml./min; the effluent was collected 
in a measuring cylinder over a known period of time. The absolute accuracy 
of the meter under these conditions was better than +4%. Part of this 
variation was undoubtedly due to the apparatus used for recording the time 
interval, and this could certainly be improved should it be required. Two 
other sources of variation may be mentioned. First, the meniscus may change 
shape as it passes up the measuring chamber. This change may be reduced by 
cleaning and polishing the measuring chamber. Secondly, if the heart rate is | 
slow and the rate of flow rapid, there may be an apparent variation in recorded 
rate of flow because the pulsations of the meniscus strike the two electrodes at 
different phases of the cardiac cycle. It is difficult to detect this phenomenon 
when the time taken for the meniscus to pass between the electrodes is greater 
than 2 sec (i.e. six heart-beats at a rate of 180 per min). This consideration 
determines the inter-electrode volume and is a useful guide to the maximum 
rate of flow which can be accurately measured with a given type of time- 
measuring instrument. | 

It is convenient to have a concise name for a flowmeter. In order to recall 
the principle on which the recovery part-cycle depends, we propose the name 
density flowmeter. | 


DISCUSSION 


This method of measuring the volume of blood flow involves section of the 
vessel, and clotting must be prevented in the meter, by heparin for example. 
The apparatus gives no indication of the instantaneous rate of flow during the 
cardiac cycle, but intermittently measures the time for a predetermined 
volume of blood to flow through it. For most purposes this is all that is 
required. The chief virtue of the method is that it measures rate of blood flow 
by direct observations on volume and time. It is therefore unaffected by 
changes in viscosity, backflow and other variables. All the other methods of 
measuring the rate of arterial blood flow in present-day use rely on indirect 
observations, of differential pressure (by venturimeter, pitot tube, orifice- 
meter or rotameter), by measuring the movement of a bubble or the change 
of e.m.f. in a magnetic field. While some of these methods have the advantage 
that they continuously measure instantaneous flow, few have been adequately 
checked against a direct method in vivo, and none can yet give an absolute 
measurement of volume flow. On the contrary the Volkmann (1850) flow- 
meter, and its many modifications by Ludwig (Dogiel, 1867), Stolnikow (1886), 
Pavlov (1887), Montgomery & Lipscomb (1929), Hemingway (1931), Bennett 
& Still (1933), Montgomery, Moore & McGuinness (1934) and Lu & Melville 
(1950) do give a direct measurement of volume flow. The effect of the new 
application of Volkmann’s principle described in this paper will be seen to be 
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a reduction in the number of tubes to be opened and closed from four to one. 
The apparatus thus becomes mechanically simpler, smaller and more reliable, 
and it has been a practical proposition to use several simultaneously in the 
same animal. 

SUMMARY 


An apparatus is described which intermittently measures the time for a fixed 


volume of blood to flow through it. 


During this work J. R. Vane was in receipt of a grant from the Medical Research Council. 
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THE CIRCULATION OF THE THORACIC CAGE IN THE 
DOG AND ITS REACTION TO HAEMORRHAGE 


By JOAN C. MOTT 
From the Nuffield Institute for Medical Research, University of Oxford 
(Received 6 November 1952) 


The experiments to be described in this paper arose from curiosity about the 
role of the azygos vein, which is such a prominent feature of the mammalian 
chest. The vessels of the thoracic wall have received little attention from 
physiologists. Anrep, Cerqua & Samaan (1934) measured the rate of blood 
flow into the diaphragm of dogs using a hot-wire anemometer and showed that 
flow decreased during muscular contraction. Rous & Gilding (1929) injected 
diffusible dyes intravenously immediately before killing rabbits and found 
that the diaphragm, intercostal and lingual muscles were especially well 
stained in normal animals. In rabbits bled under local anaesthesia, the 
respiratory movements were exaggerated and these muscles stained nearly as 
well as normal. They concluded that the blood supply to these muscles was 
well maintained. 

The vast literature on haemorrhage has been largely concerned with the 
problems of prognosis and prophylaxis, and few detailed observations have 
been made on the quantitative changes in blood flow. Nevertheless, there is 
a large body of evidence, much of it recently summarized by Franklin (1951), 
that the distribution of the cardiac output is altered during haemorrhage. 
This paper describes the quantitative changes in blood flow to various parts of 
the circulation which occurred as the result of haemorrhage in dogs. 


METHODS 


Dogs varying in weight from 3 to 13 kg were used, and were anaesthetized with ether followed by 
intravenous chloralose, 70 mg/kg, or sodium pentobarbitone, 32 mg/kg. The impression was 
gained that chloralose tends to promote vasoconstriction in the peripheral circulation unduly 
soon. Mean arterial blood pressure was measured in a carotid or femoral artery using a mercury 
manometer. One jugular vein was cannulated. In some experiments respiratory movements 
were measured by a modification of Gaddum’s (1941) method; in others the body plethysmograph 
described by Dawes, Mott & Widdicombe (1951) was used. 

The following methods of measuring blood flow were used. 

(1) Collection of venous outflow. The apparatus permitted the venous return to take its normal 
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course except during measurements (Fig. 1). By manipulation of the syringe, the outflow 
collected at normal venous pressure. The venous blood collected was returned to the jugular vein 
after each measurement. Unless this kind of device is used, blood will not normally flow from the 
azygos vein, because of the negative pressure within the thorax. 


Fig. 1. Apparatus used for collection of venous outflow. Polythene tubing is shown plain and 
‘Portex’ tubing stippled. The corks are of rubber and the test-tube and funnel of glass. 
During normal flow, points A and B are clamped. When a collection of venous outflow is to 
be made, points 0 and D are clamped while A and B are opened. The piston of the syringe is 
manipulated so that the cannula connected to the central end of the vein is maintained full of 
blood; the test-tube also acts as a trap. At the end of a measured period of time A and B 
are clamped, and ( unclamped. When D is opened the blood collected can be run into a 
measuring cylinder by depressing the syringe piston. 


(2) Arterial bubble-flowmeters (Soskin, Priest & Schutz, 1934). These were constructed of poly- 
thene tubing and rubber pressure tubing, and each had a glass bubble-trap at the peripheral end. 
ight bulb, 

(3) An automatic density flowmeter (Dawes, Mott & Vane, 1953). 

All these devices required that the arteries or veins in which flow was to be measured should be 
divided and their continuity restored through the measuring instrument. : 
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In different experiments, the femoral artery and vein were exposed and divided in the groin. 
The superior and inferior mesenteric arteries anc the portal and other gut veins were approached 
by a mid-ventral abdominal incision. The azygos vein was reached through an incision between 
the third and fourth ribs on the right side. The central end of this vein was not long enough to 
cannulate, and in order to complete the circulation through it length of polythene tubing was 
pushed down the right jugular vein into the superior vena cava, until its end lay opposite to the 
entry (now tied) of the azygos vein. The right internal mammary artery was approached through 
the first intercostal space, on the right side in most experiments, but on the left side in those in 
which coronary or vertebral arterial flows were also measured. The left anterior descending 
coronary artery was reached through an incision between either the fourth and fifth (usually the 
more convenient) or the fifth and sixth ribs on the left side; ite central end was tied and the peri- 
pheral end joined, through a flowmeter, to the left brachial artery. The best approach to the left 
vertebral artery was through the first left intercostal space. The subclavian artery was tied 
proximal and distal to the origin of the vertebral artery round which a ligature was slipped. There 
is usually an artery passing laterally to the chest wall arising from, or close to, the origin of the 
vertebral artery, and this was tied off. The peripheral end of the left vertebral artery was joined to 
the left carotid artery. 

The continuity of the thoracic wall was restored after these operations, care being taken to see 
that the lungs were not collapsed; the chest was usually partially evacuated and normal breathing 
restored. 

The contraction of the right gastrocnemius muscle in response to stimulation of the cut peri- 
pheral end of the right sciatic nerve was recorded using a myograph with the lever writing on 
a smoked drum. Rectangular current pulses of 5 msec duration and maximal strength at a 
frequency of 33 per sec were delivered to the nerve by a shielded unipolar electrode, in bursts of 
0-28 sec duration once every second, thus causing a repeated brief tetanus of the muscle. 

Heparin (10 mg/kg body weight) was given after the preliminary dissection of the vessels to be 
used but before the introduction of cannulae. More heparin was occasionally necessary later in the 
experiment. 

Changes in the circulation were induced by haemorrhage; the dog was bled from a femoral 
artery either into a bottle suspended at an appropriate height, or into a graduated cylinder 
maintained at an appropriate pressure by connexion with a large air reservoir. The volume of 
blood removed was measured either directly from the graduated cylinder, or by recording the 
displacement of air with a volume-recorder writing on the smoked drum. The blood removed was 
kept warm. 

In all, 103 experiments were performed; this paper is based on the results of 48 of these which 
were technically satisfactory. 

RESULTS 
When the preparation was completed, the systemic arterial blood pressure and 
the rate of blood flow in two or more vessels were observed for a control 
period of up to 1 hr. The dog was then bled by lowering the pressure in the 
reservoir connected to the femoral artery in stages. A series of observations 
was made at each blood pressure until the blood flows had become steady. The 
object was to achieve a very considerable reduction in flow through, say, the 
femoral artery or vein, and to observe what happened to flow through the 
internal mammary artery or azygos vein. In some experiments the arterial 
blood pressure was lowered until the dog was in extremis and artificial ventila- 
tion was necessary, in others the blood pressure was not reduced below 
50 mm Hg. The blood was then returned to the dog and the course of recovery 
observed. The volume of blood removed varied between 9 and 35-5 ml./kg 
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body weight. Two dogs died as @ result of haemorrhage; experience showed 


that animals im extremis always recovered provided artificial respiration was 
applied in time. The dogs’ blood pressure and the colour of the blood (as 
observed in the flowmeters) improved on transfusion. No deaths occurred 
during the period (up to 1 hr) during which observations were continued, 
though the blood of some dogs remained rather blue. 

The first experiments using collection of venous outflow or an arterial bubble 
flowmeter are summarized in Table 1 (a), which shows that during haemorrhage 


TaBLE 1. Percentage changes of blood flow in, and resistance vessels 


(a) Collection of venous outflow or using a bubble-flowmeter 


Azygos vein Internal mammary artery Femoral vein 
no. Flow Resistance Resistance Flow Resistance 
15 36 -72 -97 +343 
16 -39 — 64 -77 +190 

— ~ +1 oun 
Mean|| -47 — 64 — 64 +48 —87 + 266 

Femoral artery Portal vein Mesenteric artery 
no. 3 Flow Resistance Flow Resistance ' Flow Resistance 
17 — -97 +778 
22 - 100 +00 com 

Mean|| 98 +1530 —87 +459 94 +250 
* . 
Superior mesenteric artery 


| Omitting infinitely large values of resistance. 
(b) Using a density flowmeter 


Internal mammary artery Femoral artery Carotid artery 
no. Flow Resistance | Flow ‘Resistance Flow _——Resistance 
72 — 67 +162 — 84 + 236 ~53 -12 
73 -70 +64 —100 +00 66 +17 
75 -58 -61 — 89 +173 -78 +50* 
76 -37 36 -73 + 300 -75 +17 
77 +50 -57 +100 -39 0 
Meant 36 +15 ~82 +204 -62 +14 
* A small quan of xylol entered carotid from flowmeter; the effect was only 
1 Omitting large resistance values. 
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there was less reduction in blood flow through the azygos vein or the internal 
mammary artery than through the veins or arteries of the gut or hind-limb 
measured simultaneously. The term ‘resistance’ is used for the quotient 

Mean carotid arterial pressure in mm Hg 

Flow in ml./min 

As has been pointed out by Green, Lewis, Nickerson & Heller (1944) this 
quotient is not necessarily directly indicative of changes in vasomotor tone 
when large pressure changes have taken place. Fig. 2 (Expt. 17) shows an 
example of these experiments. 


Vchane of 
Carotid 
1004-50 28 
80 1 
> 
40-+-20 
E 
TF Portal v. 
ot Volume flow of blood \ 
20 F Azygos 
v. 
10 
ob 
0r 
R 
Resistance 
15 
10 : 
Azygos v 1 
2.30 3.00 3.30 4.00 
Time 


Fig. 2. (Exp. 17). Dog, 3 kg; chloralose 70 mg/kg. Comparison of blood flow in azygos and 


portal veins during haemorrhage using apparatus shown in Fig. 1. 40 ml. dextran were 
infused at 2.30 and at 4.18 p.m, 


In later experiments, using the density flowmeter, the blood flow was 
measured simultaneously in the internal mammary, carotid and femoral 
arteries. The results are summarized in Table 1 (b), and again it will be apparent 
that the internal mammary flow is less reduced by haemorrhage than the 
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carotid flow and much less than the femoral. Fig. 3 (Expt. 77) is taken from 
this series of experiments. It will be seen that the temporary hyperaemia on 


return of the blood after haemorrhage is greater in the more depleted 
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_ Fig. 3. (Expt. 77). Bitch, 6-5 kg; sodium pentobarbitone 32 mg/kg. Comparison of blood flow in 


carotid, femoral and internal mammary arteries during haemorrhage, using automatic 
flowmeters. 


Table 2 summarizes the data on haemorrhage and fall of blood pressure in 
the experiments of Table 1. The rise in the resistance of the leg and gut 
circulations appears to be related to the percentage fall of blood pressure 
rather than to the volume of blood removed. The arithmetic means given at 
the foot of each table are intended simply to give a summary of the general 
trend of the results; it is not justifiable to compare one experiment quanti- 
tatively with another. 


Respiratory movements and internal mammary arterial blood flow 

It seemed possible that the relative favouring of the internal mammary 
blood flow might be related to the increased activity of the respiratory muscles 
which sometimes accompanies haemorrhage. During the course of seven 
experiments in which the tidal air was measured with a body plethysmograph, 
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large decreases in minute volume (such as that illustrated during haemorrhage 
in Fig. 4) were accompanied by an increase in internal mammary arterial 
resistance ; the converse relationship (increase in minute volume accompanying 
decrease in resistance) was also seen in some experiments. That this inverse 
correlation did not hold throughout was not unexpected since several factors 


Tasiz 2. Relation between fall of blood and increase 
in resistance of limb or gut 
Vol. blood/kg B.P. at fall 
Max. vol. removed at which B.P 


removed resistance increase 
(ml/kg) increased (mm Hg) (mm Hg) resistance 
15-8 7-0 155 90 42 
27-0 16-2 122 73 40 
22-2 17-4 140 90 36 
31-8 15-4 150 85 43 
22-0 18-0* 87 37 46 
17:3 8-3* 85 49 42 
9-0 8-3* 85 49 42 
26-0 7-2* 128 1l4 ll 
19-4 3-5 80 55 31 
24-3 0-0 90 70 22 
17-0 3-5 140 102 27 
24-0 1-7 140 88 37 
11-1 4-0 80 45 44 
20-5 5-4 114 73 36 


Methods: (1) venous outflow; (2) bubble-flowmeter; (3) density flowmeter. 
* Experiments in which gut circulation was measured. 


must be involved. Although the rate of blood flow was only measured in one 
artery of many supplying the muscles of respiration and though the relative 
activity of intercostal muscles and diaphragm may vary, the results are taken 
to suggest that the respiratory musculature maintains its blood supply during 
haemorrhage by its activity. In four experiments after severe haemorrhage, 
increases in internal mammary arterial resistance were associated with rapid 
rises in ‘expiratory volume’ as defined by Dawes e¢ al. (1951). It is not 
unlikely that slow changes of respiratory tone may accompany less severe 
haemorrhage, but the method of recording was not suitable for their detection. 

As another method of increasing the respiratory activity dogs were made to 
rebreathe, and the effect on the internal mammary arterial flow observed. Of 
five experiments, in four asphyxia caused a greater increase in internal 
mammary arterial flow than could be accounted for by the concomitant 
hypertension. In three of the latter experiments femoral blood flow was also 
recorded ; in two it increased and in one it decreased. In a sixth experiment, 
though no increase in internal mammary arterial inflow was observed during 
asphyxia, when respiratory movements ceased the flow decreased. These 
observations are consistent with the conclusion that internal mammary 
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arterial flow is related to the activity of the respiratory muscles. 
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Expt. 
Method no. 
l 15 
l 16 
2 19 
2 22 
l 17 
l 18 
2 24 
2 25 
3 72 
3 73 
3 75 
3 76 
3 77 
Mean 
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It has also been observed that artificial respiration frequently causes 
a decrease in internal mammary arterial blood flow, especially when the 
animal is anoxaemic, as for example in Fig. 5 (Expt. 96); this can occur in 
spite of a spontaneous general vasodilatation (indicated by a decrease in the 
volume of blood in the reservoir) and in the presence of a relatively steady 
blood pressure. 
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Fig. 4 (Expt. 48). Dog, 7 kg; sodium pentobarbitone 32 mg/kg. Comparison of resistance of 
internal mammary artery and respiratory minute volume. A small rise in expiratory volume 
was observed from about 4.29 p.m. until respiration stopped. a.R., artificial respiration. 


It is of course well known that stimulation of a muscle through its motor 
nerve under certain circumstances causes a large decrease in its vascular 
resistance. In order to see whether this decrease could still be obtained after 
haemorrhage, the rate of blood flow into the right femoral artery was measured 
while the contractions of the right gastrocnemius muscle was recorded with 
and without stimulation of the sciatic nerve in four dogs. Although the 
muscles of the leg can only have been receiving a proportion of the blood 
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flowing through the femoral artery in the resting state, stimulation of the cut 
peripheral end of the sciatic nerve caused an increase in the femoral arterial 
blood flow of from 82 to 225%. In one experiment, section of the sciatic nerve 
before haemorrhage began caused only a transitory increase of femoral 
arterial blood flow and no change in general blood pressure. 


1 
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Fig. 5. (Expt. 96). Dog, 10-5 kg; sodium pentobarbitone 32 mg/kg. Comparison of blood flow 
during haemorrhage in the internal mammary and coronary arteries. The decrease in the 
volume of haemorrhage during artificial respiration (a.2.) was spontaneous, This animal 
became very blue during haemorrhage. , 


After haemorrhage it was found that stimulation of the sciatic nerve still 
caused a decrease in the calculated resistance of the femoral artery as great as, 
or slightly greater than, that observed in the unbled dog, if the fall of arterial 
blood pressure did not exceed 22-33%. If the reduction of blood pressure was 
greater than this, stimulation was less effective in causing a reduction of 
femoral arterial resistance and indeed failed to do so if the reduction of blood 
pressure exceeded 43-64%. The tension developed by the gastrocnemius 
muscle was reduced during severe haemorrhage in a manner similar to that 
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reported by Schweitzer (1945) and Florey, Szent-Gyérgyi & Florey (1929). 
In one instance several minutes’ stimulation of the preparation increased the 
flow of blood sixfold; the tension developed by the muscle at first decreased, 
and then, as the rate of blood flow rose, the tension increased again. 

The effect on the femoral blood flow of stimulating the sciatic nerve lasted 
rather a long time. Before haemorrhage an increase in blood flow caused by 
6} min stimulation lasted a further 14 min, and 2 min stimulation had an 
effect lasting a further 8 min. Similarly, long-lasting but rather less striking 
increases of blood flow were observed during haemorrhage. 

Stimulation of the dog’s sciatic nerve caused a usual or slightly enhanced 
decrease in femoral arterial resistance after moderate haemorrhage. These 
observations on the artificially stimulated gastrocnemius muscle do not provide 
a complete analogy to the respiratory muscles during natural breathing, but 
they offer some support for the view that the latter maintain their blood 
supply by their activity. 

The injection of acetylcholine, adrenaline and histamine into the internal 
mammary artery yielded the responses usual to the circulation through 
voluntary muscle. Small doses of adrenaline (0-25-1-0u.g) caused vasodilata- 
tion, larger doses (0-5-10-0ug) caused vasoconstriction, while 10-50yg of 
acetylcholine and 20-30 ug of histamine caused vasodilatation. 


Comparison of blood flow in the internal mammary and coronary arterves 
Since the rate of blood flow through the internal mammary artery is well 
maintained during haemorrhage, it was of interest to compare it with the flow 
through the coronary arteries. The comparison of blood flow during haemorr- 
hage in an internal mammary artery and in the whole or a major part of the 
left anterior descending coronary artery was satisfactorily performed in four 
dogs and less complete records were obtained in two others. It is clear that the 
blood flow in both arteries is well maintained during haemorrhage (Table 3). 
Shortly after the beginning of haemorrhage, the percentage reduction in 
internal mammary arterial blood flow was less than that in the coronary blood 
flow in four experiments. Towards the end of haemorrhage it was less in only 
two experiments; the coronary flow increased during haemorrhage in four 
experiments, and even sometimes exceeded the mean rate of flow observed 
during the control period. | 
No major increase in the rate of blood flow in the coronary circulation 
occurred until the blood in the flowmeters was noticeably blue; before that 
stage was reached coronary flow was mainly determined by mean aortic 
pressure as is well known and has recently been confirmed by Eckenhoff, 
Hafkenschiel & Landmesser (1947). The internal mammary resistance, on the 
other hand, was related to the activity of the respiratory muscles. Fig. 6 
(Expt. 91) shows little relative change of blood flow and resistance as between 
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TaBie 3, Percentage changes in blood flow and resistance in coronary and internal 


Beginning of End of Change during 
haemorrhage haemorrhage haemorrhage 
Internal Internal Internal 


Expt. Resist- Resist- Resist- Resist- Resist- Resist- 
no. Flow ance Flow ance Flow ance Flow ance Flow ance Flow ance 
89 -~64 +63 -66 +50 -33 -33 -54 -25 +31 -96 +12 -75 
90* -33 -21 -62 +50 -66 +89 -65 +50 -33 +110 -3 0 
91 -17 +4 -13 0 -46 +4 -17 -338 -28 -~4 +33 
92 0 -40 -69 +40 +8 -50 -13 -40 +8 -10 +56 -80 
95 -39 +26 -37 +42 428 -43 +27 -42 +67 -69 +64 -84 
96 -12 -32 -25 -7 +45 -50 +50 -50 433 -18 +75 -43 
Mean -27 0 -4 +29 -ll -ll -12 -238 +13 -14 +33 -53 


ml./min 
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~~. oe 91). Bitch, 13 kg; sodium pentobarbitone 32 mg/kg. Comparison of blood flow in 
internal mammary and coronary arteries d haemorrhage. animal remained 
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the internal mammary and coronary arteries during haemorrhage. On the 
other hand, the experiment of Fig. 5 shows well the relatively greater fall in 
coronary arterial flow than in internal mammary flow at the beginning of 
haemorrhage. The internal mammary resistance steadily decreased throughout 
the control and bleeding periods, while the coronary resistance decreased 
relatively little until towards the end of haemorrhage when the animal was in 
extremis. 

It will be noticed that Table 3 shows some increase in coronary arterial 
resistance, in four out of six experiments at the beginning of haemorrhage, 
and in one at the end; and this was also noticed in two other experiments in 
which coronary flow was measured during haemorrhage. The reason for this is 
obscure. The general tendency for coronary arterial resistance to fall during 
haemorrhage in the experiments described in this paper resembles the results 
obtained by Opdyke & Foreman (1947). 


Comparison of blood flow in the internal mammary and vertebral arteries 

The experiments (Table 15) in which carotid arterial flow was measured 
showed considerable reductions in this flow during haemorrhage. Since it is 
generally believed that the blood supply to the brain is well maintained under 
adverse conditions, it was of interest to compare internal mammary and 
vertebral arterial flows, as it is likely from anatomical considerations (Daniel, 
Dawes & Prichard, 1953) that the vertebral blood is distributed more ex- 
clusively to brain tissue than the carotid. The results are summarized in 
Table 4, which shows that the blood flow into the vertebral artery is almost as 


TasiE 4, Percentage changes in blood flow and resistance in the left vertebral and right 
internal mammary arteries during haemorrhage, compared with a previous control period 


Expt. Internal mammary artery Vertebral artery 
no. "Flow Resistance Flow Resistance 
98 — 54 +14 -71 +50 
100 — 54 0 — 63 +8 
101 - 50 +7 - 58 +375 
102 -79 +200 — 82 +210 
103 0 38 -22 
104 — 55 - 22 - 50 — 26 
107 0 -21 25 
In E 98 and 100, the vertebral artery was through a tube inserted 
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easured. 
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well maintained during haemorrhage as that into the internal mammary 
artery. This general result should be qualified by mentioning that in two 
experiments in which the blood was noticeably blue, vertebral flow increased in 
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& manner comparable to that seen in some of the experiments on coronary 
flow when a similar change occurred. This increase of flow was reduced by 
applying artificial respiration. In Fig. 7 (Expt. 104) it will be noticed that 
recovery of flow after a sudden haemorrhage tended to be more rapid in the 


mm Hg +ml./min 
8 Ss & midmin 


Fig. 7 (Expt. 104). Dog, 94kg. Ether followed by sodium pentobarbitone 32 mg/kg. Com- 
parison of blood flow in the internal mammary and vertebral arteries during haemorrhage. 


vertebral artery than in the internal mammary artery. On four occasions also, 
in three experiments, internal mammary arterial flow ceased, while vertebral 
arterial flow continued. On one occasion internal mammary arterial flow 
began again spontaneously ; the other three occurred at the end of the bleeding 
period and flow recovered on transfusion. 


DISCUSSION 
In addition to the work of Rous & Gilding (1929), there are other indications in 
the literature of the dilatation of the thoracic wall vessels during haemorrhage. 
Glasser & Page (1948) reproduce an angiograph taken during an intra-arterial 
transfusion after severe haemorrhage. This shows extremely prominent 
shadows of the internal mammary arteries, while other branches of the aorta 
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> are barely discernible. Eckstein, Graham, Liebow & Wiggers (1947) compared 


changes in the inferior caval flow after haemorrhage and circulatory failure 
following transfusion, and found that the flow in the cava decreased pro- 
portionally more than the right atrial pressure. This led them to suggest that 
the return from the coronary veins and ‘other sources’ might well be im- 
portant. The azygos vein is presumably to be included among these ‘other 
sources’. Post, Visscher & Wiggers (1948) were aware of the probable increase 
in the metabolism of the muscles of respiration due to the hyperpnoea of 
haemorrhage. 

The maintenance of a relatively high blood flow to the respiratory muscles 
may be caused by their own activity. Whether this is due to the liberation of 
vasodilator substances (Anrep & Saalfeld, 1935), is still unknown (Dawes, 
1941; Gollwitzer-Meier, 1950). 

Though there has been little systematic investigation of the changes in 
respiration during haemorrhage, that such changes do occur is generally 
recognized (Post et al. 1948). These wofkers observed a large increase in 
minute volume in dogs breathing oxygen during haemorrhage. Many factors _ 
could contribute to these changes, and this probably accounts for the variation 
in the respiratory pattern observed on haemorrhage. In the majority of the 
experiments described in this paper in which this point was investigated, the 
minute volume increased at the beginning of haemorrhage and later decreased ; 
in a few there was a steady decrease from the start. The increase of respiratory 
activity is doubtless partly due to the stimulation of the chemoreceptors as 
a result of haemorrhage, as described by Landgren & Neil (1950) in the cat. 
The experiments in this paper showed a substantial fall in carotid blood flow 
on haemorrhage and a smaller fall in vertebral flow, so there is little doubt that 
the blood supply to the carotid body is reduced (Chungcharoen, Daly, Neil & 
Schweitzer, 1952). This might cause some augmentation of chemoreceptor 
drive even in the absence of frank anoxaemia. The simultaneous decrease in 
pressoreceptor-stimulation would also tend to stimulate respiratory activity. 
Landgren & Neil noticed a decrease in chemoreceptor activity in bled cats 
which showed spontaneous circulatory recovery ; this would be consistent with 
the improvement often observed in vertebral flow in dogs as compensation 
occurred during haemorrhage. These workers also found that transfusion 
abolished all chemoreceptor discharges. 

During haemorrhage the alkalinity of arterial blood increases (Hertzman & 
Gesell, 1926) and CO, tension decreases (Root, Allison, Cole, Holmes, Walcott 
& Gregerson, 1947), owing to increased pulmonary ventilation. It is also known 
that an increased CO, tension augments cerebral blood flow (Bronk & Gesell, 
1927; Schmidt, 1928), so that it is conceivable that hyperpnoea might con- 
tribute to the decrease of cerebral blood flow. Dumke & Schmidt (1943) found 
that an increased CO, tension is a less potent cerebral vasodilator than 
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anoxaemia. The substantial reduction in carotid blood flow observed during 
haemorrhage may be due in small part to an increase in the vascular resistance 
of extraneural structures. None of the dogs in which carotid blood flow was 
measured became conspicuously blue but great increases in vertebral flow in 
two dogs were associated with obvious anoxaemia. The decrease in the verte- 
bral flow was less than that in the carotid, which would be expected on 
anatomical grounds (see, for example, Daniel e¢ al. 1953), though as in these 
experiments the vertebral artery was joined to the central end of the ipsilateral 
carotid, the decrease might have been greater if the blood supply to the brain 
had not been interfered with. 

As was expected under the conditions of these experiments, the blood flows 
to and from the hind-limb and gut decreased greatly on relatively slight 
haemorrhage. Considerable peripheral constriction was observed to occur 
after a mean reduction of arterial pressure of about 36% (Table 2). Temporary 
hyperaemia in the leg, similar to that observed by Eckstein, Liebow & Wiggers 
(1946), and many previous workers, followed transfusion. The most depleted 
circulations showed the greatest hyperaemia. 

These experiments have shown that the blood supply to the muscles of 
respiration is usually as well maintained during haemorrhage as that to cardiac 
muscle or to the brain; this relative favouring of the vessels of the thoracic 
wall is to be attributed to the activity of the muscles of respiration. Their 
activity ultimately depends on the respiratory centre, which may be in- 
fluenced by the stimulation of peripheral receptors. Cardiac muscle and 
nervous tissue received a greatly increased blood supply in these experiments 
during haemorrhage only when the dogs were obviously anoxaemic. In the 
early stages of haemorrhage, the blood supply to the muscles of respiration is 
often better maintained than that to the heart; this is not surprising in view of 
the fact that respiratory work may even increase during haemorrhage, while 
cardiac work decreases with decreasing blood pressure (Eckenhoff, Hafken- 
schiel, Foltz & Driver, 1948). It seems likely that the muscles of respiration 
take a large share of the cardiac output during haemorrhage, probably of the 
same order as that of the cardiac muscle itself. Animals are probably unlikely 
to die from a failure of the blood supply to the respiratory musculature, and 
death from haemorrhage appears to be due to the failure of the respiratory 
centre (Kismayer & Schmitt, 1933). | 

The practical implication of these observations is that artificial respiration 
may possibly be of value in severe haemorrhage by reducing the proportion of 
the cardiac output which goes to the respiratory muscles. 


Lo 


ha: 


> ‘ 
+ 
tt. 
. 
tr 


% 
4 
= 
Ve 


CIRCULATION OF THORACIC CAGE 95 


SUMMARY 
1. In anaesthetized dogs, breathing spontaneously, the rate of blood flow 
has been measured simultaneously in the following groups of vessels, using the 
instruments indicated : 
(i) Azygos and femoral veins 
(ii) Azygos and gut veins 
(iii) Internal mammary and femoral arteries bubb 
(iv) Internal mammary and gut arteries ubble flowmeter 
(v) Internal mammary, carotid and femoral = 


collection of venous outflow 


density 


(vi) Internal mammary and coronary arteries Siteinaber 


(vii) Internal mammary and vertebral arteries 


2. The reduction of blood flow caused by haemorrhage in vessels of the 
respiratory musculature (azygos vein and internal mammary artery) was less 
than that in the carotid artery and much less than that in gut or limb vessels. 

3. The changes in calculated internal mammary arterial resistance during 
haemorrhage tended to be inversely related to changes of respiratory minute 
volume. Artificial respiration often reduced the blood flow in the internal 
mammary artery during haemorrhage. It is suggested that the respiratory 
musculature maintains its blood supply during haemorrhage on account of its 
activity. The vasodilator response to indirect stimulation of the gastrocnemius 
muscle was shown to persist during moderate haemorrhage. 

4. In general, the blood flow in the internal mammary artery was as well or 
better maintained than that in a coronary or vertebral artery, unless the blood 
became conspicuously blue when large increases in coronary and vertebral 
blood flows were observed. It seems likely that the proportion of the cardiac 
output taken by the muscles of respiration during haemorrhage is about the 
same as that taken by the coronary vessels. 


The author wishes to record her appreciation of the help and encouragement received from 
Dr G. 8. Dawes. 
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A NEW PERFUSION METHOD 


By J. R. VANE 
From the Nuffield Institute for Medical Research, University of Oxford 
(Received 10 November 1952) 


Recently, Gaddum, Peart & Vogt (1949) described a very simple perfusion 
system, similar to a method used by Richards & Drinker (1915) and Binet & . 
Burstein (1945). The advantages of this system were its simplicity, the small 
| bulk of the apparatus near to the animal and the relatively small quantity of ; 
blood in the external circulation. Its main disadvantages were (1) the per- 
fusion pressure was not independent of the mean arterial blood pressure, 
(2) the system did not give an accurate measure of mean arterial resistance, 
(3) additional blood from a second animal was sometimes required, and (4) the 
temperature of the blood was not adequately controlled. / 
The method of Gaddum ef al. was used as the basis for the apparatus to be . 
) described, originally designed to perfuse the vessels of the stomach. This | 
passed through a number of modifications, and the first type to be described 
_ was evolved from many preliminary tests and was used successfully in well ; 
over one hundred perfusion experiments. 


METHODS 


Perfusion arrangement type I 

The arrangement of the perfusion circuit is shown in block diagram form in 
Fig. 1. Blood from an artery of the cat was pumped by the cat’s heart. through 
@ resistance (R) into a reservoir (Q) and from there to a measuring chamber. 
The flow of blood from the reservoir to the measuring chamber (M) was 
/  ¢ontrolled by an electromagnetic tap (7). The blood in the measuring chamber 
was pumped by a Dale-Schuster pumping unit (P) (Dale & Schuster, 1928) 
_ into the artery of the organ to be perfused. The venous return to the heart 

Temained intact. | 
Pumping and measuring unit. This consisted of three ‘Pyrex’ glass units, 
fitted together with ground glass joints (Fig. 2). The measuring chamber () 
was surrounded by a water jacket through which hot water was circulated 
from one unit of a double Dale-Schuster pump to maintain the blood at “4 °C. 
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Blood entered through a side arm and was drawn through the valve V, (Guy 
Ross dental valve) into the valve chamber, to which the pulsations of the other 


"Artery supplying 
<=_—— — — perfused organ 
Animal or tissue 


Fig. 1. Block diagram of the perfusion circuit type I. Blood is pumped by the cat’s heart 
through an artificial resistance (R) into a reservoir (Q). The flow of blood from the reservoir to 
the measuring chamber is controlled by an electro-magnetic tap (7'). The blood is pumped by 
the pump (P) into the artery supplying the perfused organ. 
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Fig. 2. Perfusion circuit type I. Both the resistance and reservoir are made from thin rubber 
tubes. The electrodes (£) determine the level to which the blood fills the measuring chamber 
(M). The pulsations of the Dale-Schuster pump are transmitted through an air-lock in order 
to conserve blood. The temperature and pressure of the blood are measured as it leaves the 
apparatus. 


Dale-Schuster pump unit were transmitted through a length of ‘Portex’ 
tubing containing Ringer’s solution. The blood was separated from the 
Ringer solution by an air lock, and was expelled through a second valve (V,). 
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When the blood in the measuring chamber (M) reached the level of the elec- 
trodes (#) the inflow was stopped automatically by the electromagnetic tap T 
and the volume of blood leaving the chamber with each pump-stroke was 
registered by the float recorder on a smoked drum. The level of blood in the 
chamber was allowed to fall for 2, 4, 6, 8 or 12 pump-strokes, then the tap 7 
opened and the chamber refilled to its initial level, determined by the position 
of the electrodes #. As soon as this level was reached the tap 7’ closed again 
and the float recorder once more measured the outflow of blood from the 
chamber. The alternate emptying and filling of the chamber was controlled by 
the circuit shown in Fig. 3. With each pump-stroke a cam on the pump shaft 


Fig. 3. The circuit used to control the emptying and filling of the measuring chamber (M). For 
details see text. 


closed a pair of contacts and energized the coils of a telephone uniselector. 
Each impulse moved the arms of the uniselector on to the next contact on the 
two banks of contacts, A and B. At contact A 4, the arms stopped because the 
uniselector circuit was broken. As contact B4 was made, the electromagnetic 
tap 7 was opened and blood entered the measuring chamber. The chamber 
filled until the surface of the blood joined the electrodes EZ; this energized a 
telay which broke the circuit of the springloaded electromagnetic tap 7’, so 
that the inflow of blood to the measuring chamber was stopped. At the same 
time the uniselector circuit through 44 was completed by a second pair of 
contacts on the relay and the arms of the uniselector moved on to the next 
cycle. A condenser across the relay prevented ‘chatter’. 

The cireuit was arranged so that the recording phase of the cycle could be 


altered to 2, 4, 6, 8 or 12 pump-strokes by a rotary switch. There was no 
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interruption of the perfusion during the alternate emptying and filling of the 
measuring chamber as the Dale-Schuster pump worked continuously. 

If the blood were pumped by the heart from the artery directly to the 
measuring chamber, the apparatus worked, but the resistance against which 
the heart pumped would suddenly decrease with each filling of the chamber 
and the amount of blood in the external circuit would vary. A reservoir was 
therefore needed which filled up with blood during the recording phase of the 
cycle, ready to discharge its contents into the chamber when the tap T opened ; 
and a resistance was required to control the flow of blood from the cat into the 
reservoir. 

The reservoir (Q, Fig. 2) was made from a tube of thin rubber. The outer 
jacket was included in the hot water circulation to keep the blood warm. 

‘The resistance (R). The first type of resistance used (R,) is shown in Fig. 2. 
Water was pumped round the outside of a thin-walled rubber tube (made from 
a finger-stall) and maintained at a high pressure by limiting the outflow with 
a screw clip. The resistance to the flow of blood could be lowered either by 
opening the screw clip or by decreasing the stroke of the water pump. The 
following arrangement ensured a free flow of blood from the reservoir to the 
measuring chamber when the spring-loaded electromagnetic tap was opened. 
The design of the tap was such that in the open position it partially constricted 
the hot-water circulation between reservoir and measuring chamber. Conse- 
quently, the water pressure round the rubber bag (Q) increased, transferring 
the blood from the reservoir to the measuring chamber. 

The resistance (R,) was sometimes unreliable as the flow of blood to the 
perfusion circuit was dependent upon the cat’s blood pressure; it needed 
constant attention whenever a change of blood-flow or general blood pressure 
occurred, A pressure-reducing valve whose action was independent of changes 
in blood pressure or rate of blood flow was desirable. A design based on the 
same principle as a carburettor float chamber ultimately proved to be satis- 
factory. 

The valve (R,) (Fig. 4) was made from Perspex and consisted of a float 
chamber and lid. A ping-pong ball acted as a float. If the float rose, the needle 
valve tended to close and stop the inflow of blood. If the float fell, the valve 
opened and allowed more blood to enter the chamber. Except at its tip, which 
was conical, the needle valve had a triangular cross-section. Blood filled the 
reservoir through the valve (V;). This system reduced the systemic arterial 
blood pressure to a (constant) few centimetres of water. 

Float recorder. A Palmer float recorder of 5 ml. capacity was modified by 
using @ light lever with a frontal writing point, pivoted from a new fulcrum 
above the metal float (Fig. 5). The frequency response is thereby improved and 
the sensitivity increased; the writing point traces a vertical line on the 
kymograph and the zero is at the bottom, instead of the top of the record. The 
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Fig. 4. Pressure-reducing valve (resistance R,). Except at its tip, which is conical, the needle 


lever. For 


valve has a triangular cross-section. Top right: underside of lid showing shape of 


Fig. 5. The float recorder. The weight of the lever system and frontal writing point balances the 


weight of the float. The electrodes (Z) which determine the level of blood in the measuring 


chamber can be transferred to the lever of the float recorder. 
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electrodes (#) were transferred from the measuring chamber to the lever of the 
float recorder (Fig. 5). As the blood refilled the chamber, the lever fell until 
the contact dipped into the mercury cup. The amplifier was then no longer 
required to activate the relay in Fig. 3. . 

Procedure. The whole of the perfusion system was mounted on a trolley so 
that it could be assembled and tested away from the operating table. The 
pumping and measuring unit (P.M.) was mounted on a platform jutting out 
from the side of the trolley, so'that it could be pushed over the operating table. 
All glass parts of the perfusion apparatus were kept in chromic acid solution 
overnight. The apparatus was assembled on the trolley and filled with 0-9°%, 
(w/v) NaCl. The perfusion cannula was connected to the input side of the 
resistance (R, or R,) and the saline solution was circulated. The three Pyrex 
units were held together by rubber bands slipped over small glass pegs, and, by 
gently easing the ground glass joints apart, any air in the valve chambers was 
allowed to escape. The apparatus was washed 3—4 times with fresh saline and 
then filled with Dextran solution. When this had reached a temperature of 
37° C, the apparatus was ready for use. The capacity of the external circuit 
was 20-30 ml., equivalent to 10-15% of the blood volume of a cat weighing 
2-5-3-5 kg. 

As the apparatus measured directly the volume of blood entering the per- 
fused organ it was necessary to calibrate the float recorder for volume only 
once. Because of the tendency for the lever of the float recorder to overshoot, 
any error in the measurement of flow overestimated the flow. Using saline in 
an artificial perfusion circuit and recording the rate of outflow with a measuring 
cylinder and stop-watch the estimated volume of flow never exceeded the 
actual value by more than 2-5%, for flow rates between 20 and 90 ml./min and 
5% for rates of 10-110 ml./min. 


Perfusion arrangement type II 

The apparatus described in the previous section was used in many successful 
experiments (Thompson & Vane, 1951, 1952, 1953) but because it was compli- 
cated and difficult to use the apparatus was simplified by omitting the reservoir 
(Q) and the measuring chamber (M). In the pressure-reducing valve, blood is 
automatically kept at a constant level in the float chamber and the pump can 
draw blood directly from the chamber. The modifications made in the 
apparatus are depicted in Fig. 6. 

The glass valve chambers of type I apparatus were replaced by ones turned 
from Perspex, with screw junctions between each other and the pressure- 
reducing valve. Small air-release valves were provided in each valve- 
chamber. The pressure-reducing valve was made with a central needle and by 
using a smaller ball (2cm diameter) the size of the chamber was greatly 
reduced. The capacity of the whole of the apparatus when assembled was only 
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7ml., including the blood in the h-piece, which was attached to the valve 
chamber by Portex tubing. The upper part of the unit could be enclosed within 
a small Perspex cylinder through which warm water was circulated. 


y 


Fig. 6. Perfusion pump type II. The needle valve is in the centre of the lid and is held in place by 
a small cup. Air can be removed from the valve chambers by opening the small screw-valves. 
The pulsations of the Dale-Schuster pump are transmitted through an air lock to the side arm 
of the upper valve chamber. Two brass plugs fixed to the lower valve chamber can be used to ; 
mount the pump on a duraluminium panel. ‘ 


The main problem with this improved perfusion apparatus was the measure- 
ment of the rate of flow of blood and at first it seemed impossible to do this by 
a direct measurement of volume. Consequently, the rate of blood flow was 
measured indirectly using a venturimeter and a differential manometer. The 
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venturimeter (Wagoner & Livingston, 1925; Daly, 1926) was turned from 
Perspex, and a differential manometer to write directly on a smoked drum was 
made by mounting a pair of metal bellows in opposition (Lawson, 1940). The 
venturimeter and differential bellows recorder were included in the perfusion 
circuit just before the blood entered the perfused organ. The working capacity 
of this whole apparatus (type II A) was 10-15 ml., a considerable improvement 
over type I apparatus. At the end of each experiment blood was pumped 
through an artificial resistance and the flow recorder was calibrated. When 
perfused with this apparatus the stomach secreted acid juice (pH <1-0) for 
3-6 hr in response to an intra-arterial infusion of histamine (15 g/min). 

The disadvantages of this type of flow recorder were that it could only be 
calibrated at the end of the experiment and that changes in viscosity of the 
blood during the experiment affected the calibration. Moreover, in spite of 
large doses of heparin it was found that changes in the calibre of the venturi 
constriction occurred because of deposition of fibrin. It was also difficult to 
assess the rate of flow during the experiment as the height of the record was. 
approximately related to the square of the flow rate. To overcome these draw- 
backs without forfeiting the many advantages afforded by the improved 
perfusion machine presented a difficult problem. A return to the principle of 
making actual volume measurements was necessary and, in collaboration 
with Dr G. 8. Dawes, a new flow recorder was devised. This is described 
elsewhere (Dawes, Mott & Vane, 1953). It gives a direct measurement of the 
rate of flow of blood in terms of volume and time. 

This combined pump and flowmeter (apparatus type IIB, working capacity 
12 ml.) proved very satisfactory and has been used for perfusing the vessels of 
the stomach, intestines, hind-limbs and lungs of the cat, and the coronary 
arteries and internal mammary arteries of the dog. It was convenient to use 
a hot-air box instead of a hot-water circulation to keep the blood at 37° C. The 
perfusion pump and flowmeter were mounted on a duraluminium panel and 
totally enclosed by a Perspex cover. The box so formed (13 x 13 x 4 cm) was 
heated by a small thermostatically controlled heater. | 

The pulse pressure produced by these pumping systems was high, sometimes 
double the ‘normal’ pulse pressure of an anaesthetized cat. By direct measure- 
ment with condenser manometers, it was found that the pulse pressure could 
be effectively reduced to ‘normal’ values by the inclusion of a small air buffer 
(2-0 ml.) in the perfusion circuit. 


SUMMARY 


1. The development of a new type of perfusion apparatus is described. - 
2. The first system had a capacity of 20-30 ml. and was used in many 
successful experiments. 


3. The final perfusion arrangement had a much smaller working capacity 
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(10-15 ml.), was easier to use and could handle flow rates up to 150 ml. blood 
per min at physiological pressures. The temperature was maintained at 37° C 
and the rate of blood flow was measured directly. 


I wish to thank Prof. E. J. Wayne for his hospitality and Dr D. R. Wood for his helpful 
discussions in the early stages of this work, at the Department of Pharmacology, Sheffield. 
I would also like to thank Dr G. 8. Dawes for his guidance and advice throughout. 

The main part of this work was carried out during the tenure of a grant from the Medical 
Research Council; the final stages during the tenure of a Stothert Research Fellowship from the 
Royal Society. 
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"SYNCHRONIZATION OF ACTION POTENTIALS IN THE 
SPINAL FROG 


By T. GUALTIEROTTI* (Fellow of the Rockefeller Foundation) 
From the Physiological Laboratory, University of Cambridge 
(Received 24 November 1952) 


In spinal frogs with the central nervous system transected ‘chitin the upper 
end of the medulla and the upper limit of the cervical enlargement the general 
character of the reflex response following stimulation either of the sciatic nerve 
or of the skin of the leg is approximately constant for several hours. But one 


Fig. 1. Two reflex responses in the same preparation recorded from the two halves of the sciatic 
nerve shortly after one another during pressure on the skin of the foot. One half of the nerve is 
continuous and shows motor and sensory potentials (upper record). The other is cut centrally 
well above the recording electrodes and shows only sensory potentials (lower record). This 
technique has been chosen in order to emphasize the difference between the afferent and the 
efferent activity. a, synchronous potentials; 6, asynchronous potentials. Time marker: 
ve sec. 


important difference may be seen in a series of repeated excitations: the motor 
reflex activity may vary from almost complete asynchronism to almost com- 
plete synchronism (Fig. 1). 

It is the purpose of this paper to investigate the mechanism of this pheno- 
menon and its interpretation. 


*Permanent address: Istituto di Fisiologia dell’Universita di Milano (Italy). 
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METHOD 


Frogs decerebrated under anaesthesia at various levels of the brain-stem have been used. Sections 
of spinal cord of increasing length have also been removed under the same conditions in order to 
obtain the simplest active preparation. The most caudal cut was performed at a level 3 mm above 
the spinal entrance of the motor root from which the electrical activity was recorded. 

The reflex response has been elicited by means of a standard electrical stimulation using a neon 
lamp stimulator, the output being through a transformer and sometimes 0-001 uF condensers to 
shorten the duration of each pulse. Frequencies of 2, 4, 15, 45, 120 and 280 per sec have been used. 
The strength of stimulus was usually twice the threshold. 

The medial branch of the lumbar-sacral plexus was stimulated after all the ventral roots of the 
sciatic nerve had been cut in order to avoid antidromic excitation. 

Sometimes the reflex was elicited by mechanical stimulation of the skin of the foot using 
a technique already described (Gualtierotti, 1952). 

The electrical activity was recorded from one or two ventral or dorsal roots. Sometimes records 
have been taken from the sciatic trunk in the thigh: in this case one cut dorsal root was 
stimulated. 

Two earthed electrodes were placed above and below the stimulating leads to avoid electrical 
spreading of the stimuli. 

All the exposed nerve trunks were painted with paraffin oil to prevent drying, and injury 
discharges were avoided by applying procaine on filter-paper to each cut end. 


RESULTS 
Four aspects of the electrical activity have been recorded: the sensory and the 
motor spike potentials, the sensory and the motor slow potentials. 
After it had been set up, each preparation was allowed to rest for 15-20 min 
before the experiment was started: this was done to avoid any possible 


influence from the handling of the preparation. In this way constant responses _ 


could be elicited for at least 3-4 hr. 

It made no difference to the results obtained in spinal preparations whether 
the spinal cord was intact or whether it was cut 2-3 mm above the centre for 
the reflex. However, a very different reflex response was recorded in prepara- 
tions in which some part of the brain was included: in this paper particular 
attention has been paid to the region across which a cut altered the reflex 
response from one pattern to the other. This region appears to be situated near 
the cephalic end of the pons and the caudal end of the midbrain. 

The main phenomenon which was investigated was synchronization of the 
action potentials during the reflex response: this was never absolutely com- 
plete, as all the motor potentials did not coincide exactly in time. But such 
a grouping of them took place, that a number of distinct waves merged together 
in a single one, larger in amplitude and duration. This was at first incomplete, 
and the single original spikes might be recognized in the major waves; later on 
the synchronization reached its maximum and the resulting synchronized 
potential appeared as a smooth unidirectional wave, several times larger and 
twice or three times more prolonged than the original motor spikes. 
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Spinal frogs: faradic stimulation of the peripheral sensory pathways 
Sensory potentials. If the nerve was cut, the single synchronous spike due to 
each stimulus was followed by normal dorsal root potential on the sensory 
root. If the nerve was not cut, delayed impulses (Habgood, 1950) and approxi- 
mately the same D.R.P. appeared after each stimulus. The reflex responses of 
the spinal cord were the same in either case. 


Fig. 2. a, ventral root: the activity initially asynchronous (a1) becomes more and more synchro- 
nized; at the end of a2 a nearly complete synchronous potential; in a3 a complete syn- 
chronous potential. Between al and a2 seven stimuli; between a2 and a3 seven stimuli. 
The cranial electrode was only 2mm away from where the root left the spinal cord. 5, 
completely synchronous potentials recorded from one ventral root 5 mm from ite exit from 
the spinal cord: the slow synaptic potential is very small. d, ventral root as in 6: stimulation 
at 6 per sec 0-25 sec after stimulation at 120 per sec (the last of these stimuli is to be seen at 
the top of the record). Synchronous potentials, initially present, disappear progressively : 
asynchronous activity takes their place. Between dl and d2, seven stimuli. c, potentials in 
motor (m) and sensory (8) roote before and during synchronization ; stimulation at 15 per sec. 
The motor discharges are underlined. (Read all records from right to left.) 


Motor potentials. Stimuli of less than 8 per sec failed to elicit synchronous 
activity, unless applied a few seconds after a period of more frequent stimula- 
tion (Fig. 2c): in these circumstances synchronized waves appeared, but 
progressively disappeared as stimulation continued. The ventral root potential 
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reached its peak in about 10 msec and died away after stimulation in 0-5-1 sec. 
During repetitive stimulation temporal summation occurred and the starting 
level of each wave approached closer and closer to the maximum value. The 
general shape of the potentials, but for the phenomena just described, remained 
unchanged. 

However, with stimulation at 15 per sec the units appeared to synchronize 
giving large spike potentials on the motor root (Fig. 2a). After the first 
stimulus the discharges were asynchronous, but then increased in amplitude 


Fig. 3. a and 6, records from two adjacent ventral roots. a, the upper record shows asynchronous 
activity and the more prolonged linear decreasing phase of v.R.P.; the lower record shows 
synchronization and the shorter exponential decreasing phase of v.R.P. a2, 3 sec and 
a3, 35 sec after the end of stimulation.», both ventral roots show synchronized activity and 
the short exponential phase of v.z.P. c, activity in one ventral root towards the end of 
stimulation at 15 per sec: note the synchronous waves and exponential decreasing phase of 
v.8.P. Time marker: 75 sec. 


and duration during the 3-4 following stimuli till a partially synchronized 
wave appeared: the 10th—15th stimulus elicited a highly synchronized potential. 

The strength of stimulation did not affect the phenomenon provided that it 
was considerably above the threshold. 

Simultaneous records from two adjacent sciatic ventral roots showed 
synchronization in the caudal sooner than in the cranial root (Fig. 3). When 
spikes appeared they were synchronized with each other and their area varied 
with the size of the root. 

The synaptic motor potentials varied with the synchronous spike as follows: 
the potential developed more rapidly so that the peak was reached in only 
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2 msec after 10 stimuli (Fig. 3). The duration of the potential change decreased : 
the falling part lasted from 1-0 sec to 20 msec with an average value of between 
200 and 50 msec. As the synchronous discharge always appeared 15-20 msec 
after the stimulus, it started at different points of the v.R.P. curve as the latter 
varied in shape; it occurred most frequently in the middle of the falling part. 
There was also a change in the shape of the declining slow potential: it was no 
longer linear but exponential. 

These changes in the shape of the v.r.P. always 
accompanied the synchronization of the spike 
potential and lasted all the time the synchronism 
was present. The amplitude of the v.R.p. seemed 
to be a little smaller during synchronous activity, 
but the difference was only slight. 

Synchronization occurred more rapidly as the 
frequency of stimulation increased up to a maxi- 
mum of 280 per sec (Fig. 4). During prolonged 
stimulation the synchronous potentials appeared 
with cyclic variations. Stimulation at 120 per sec 
sometimes synchronized the potential to this fre- 
quency and the synchronous wave occupied the | eres 
intervals between the stimuli. By increasing the Baa ae 
frequency to 280 the synchronous wave did not Fig. 4. Ventral root; stimulation 
decrease its duration but appeared only after  ** !20persec. Periodic synchro- 
alternate stimuli. ‘ 

Records from the trunk of the sciatic nerve in the thigh show that the 
continuous discharge is composed of several different series of synchronous 
potentials. During repetitive groups of stimuli, however, more and more com- 
plete synchronization occurred in the groups following the first (Fig. 5). 

Stimulation at 120 per sec (Fig. 2d), only slightly above threshold, did not 
elicit synchronous activity, but if followed by 15 per sec the latter immediately 
produced a synchronous response: the first shock at the latter frequency 
produced a synchronous wave even if applied 2 or 3 sec after the 120 per sec 
stimulation. With longer intervals this facilitation slowly disappeared, and 
more 15 per sec stimuli were required to obtain synchronization. Three or four 
minutes after the 120 per sec stimulation there was no difference from a normal 
preparation. 

The v.R.P. appeared during the 120-280 per sec stimuli with the usual shape 
and the characteristics seen during synchronous activity. A summation effect 
was recorded. 

Characteristics of synchronous waves. These appear normally as monophasic 
waves (Fig. 2); their amplitude is very variable and may become 4-8 times 
larger than the amplitude of asynchronous potentials (see also Fig. 1). Their 
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duration is between'4 and 10-12 msec and their delay 15-20 msec after the 
stimulus. More potentials: may follow the first one, the last with a maximum 
delay of 60-70 msec. During prolonged stimulation the synchronous potentials 
decrease and increase intermittently in amplitude; when the amplitude is low, 
asynchronous activity occurs. Interruptions during the stimulation lasting 


Lui 


Fig. 5. Stimulation of two dorsal roots together at 280 per sec. Upper record sciatic nerve; lower 
record ventral root, Three groups of stimuli following one another at 0-5 sec iiic: vai; the 
activity in the nerve appears increasingly synchronized. Time marker: 3 sec. 


less than 3-4 sec do not destroy the synchronism: synchronous waves still 
follow the first stimulus after the interval. Longer interruptions, however, 
weaken the synchronizing effect, but some remains even after 2 mir ‘+ has 
completely disappeared by 5 min after the stimulation. 


Decerebrated frogs 


In frogs in which only the telencephalon is cut off no tendency towards 
synchronization is observed. If the same animal is made spinal, then there is 
normal synchronization (Fig. 6). | 
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In mesencephalic frogs (cut just above the optic lobes) there is the same lack 
of synchronization, but groups of synchronous potentials appear occasionally. 
Frogs in which all the pons and the cerebellum are present, show the same 
lack of synchronism as mesencephalic animals, but if the cut is a little lower, 
so that some of the pontine-cerebellar pathways are cut, then they behave like 
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Fig. 6. Record from one ventral root of a diencephalic preparation during stimulation of the 
lumbo-sacral plexus at 15 per sec. a, before, b, after, cutting the brain-stem at the cephalic end 
of the pons, at the beginning of stimulation. This shows that synchronization occurs in the 
spinal but not in the diencephalic preparations, (Read from right to left.) 


spinal frogs. The big spontaneous discharges due to central excitation, which 
appear immediately after cutting between midbrain and pons, are mostly 
asynchronous: later normal synchronization takes place. 

If prolonged stimulation is applied to frogs decerebrated as above, showing 
marked central excitation, the same animals, when made spinal, do not readily 


show synchronization. However, normal synchronization appears after a long 
rest. 
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~ The first few seconds of strychnine discharges are completely asynchronous 
if the brain centres are present. 


DISCUSSION 


It is considered that the conducted reflex responses obtained during this 
research have been determined mainly by the activity of internuncial neurones. 
No attempt has been made to depress their action. Eccles (1946) suggests that 
a single dorsal root volley causes a prolonged bombardment of motoneurones 
in mammals and that when internuncial activity is more and more depressed, 
as for instance by the action of pentobarbitone, the late conducted potentials 
disappear and only the monosynaptic wave remains; this is always perfectly 
synchronized (Lloyd, 1946). When the monosynaptic response is facilitated by 
afferent conditioning volleys, it remains synchronous and merely increases in 
amplitude (Lloyd, 1946); there is no asynchronous discharge. 

The end of the rising phase and the decreasing phase of the slow potentials 
is due to internuncial activity, but, in the frog, the initial part is set up mono- 
synaptically (Eccles, 1946). 

Synchronization of action potentials is observed only after 15-20 msec; the 
corresponding variation in shape of the slow wave occurs only in the late rising 
and late decreasing phases ; these two phenomena should therefore be correlated 
with internuncial activity rather than with the direct reaction of the moto- 
neurones to the synchronous stimulating volley in the sensory root. These 
considerations explain why the synchronization mechanism is independent of 
both the fast sensory and synaptic potentials. In fact the slow sensory 
potential recorded from the dorsal root remains the same whether there is 
synchronism or not: synchronous volleys of electrical stimuli and asynchronous 
sensory activity from the skin are equally effective in producing synchroniza- 
tion of the motor neurones. The field of the synchronizing mechanism is thus 
limited to the internuncial and motor neurones. 

In the monosynaptic reflex, however, the motor neurones seem merely to 
react to any volley reaching them with a one-to-one relationship. In fact, 
a synchronous motor discharge follows a synchronous afferent volley; thus 
modifications in their response must be determined by internuncial activity, 
which is therefore largely responsible for the pattern of the reflex response. 

That the synchronizing mechanism postulated in internuncial neurones is 
not situated in some higher part of the spinal cord is demonstrated by the fact 
that synchronization is unaltered when the cord is cut immediately above the 
dorsal and ventral roots concerned (in such preparations the reflex system may 
be assumed to be reduced to its simplest elements). It is concluded that 
synchronization depends only upon the activity of the internuncial neurones 
directly concerned with the reflex, and not on the primary sensory stations nor 
the motor neurones, nor any higher part of the spinal cord. 
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However, the midbrain and diencephalic centres have a strong influence 
over the synchronizing mechanism. No synchronization is observed in 
a preparation which includes those parts of the brain: a cut made between the 
cephalic end of the pons and the caudal end of the midbrain restores its capacity 
to synchronize. It should be remembered, incidentally, that Lettvin (1948) 
demonstrated the presence of inhibitory reticulo-spinal fibres in the lateral 
part of the intermediate internuncial tract of the spinal cord: this showed that 
the reticular formations of the midbrain can act on the spinal cord via inter- 
nuncial neurones. 

The suppressor action of the brain does not alter the main fact that syn- 
chronism depends on the intermediate spinal neurones. The most reasonable 
explanation seems to be that there is a tendency for a small group of cells to 
synchronize their activities when they are sufficiently close to one another; 
a similar conclusion was reached concerning, for instance, the synchronization 
of retinal cells (Adrian & Matthews, 1928) and of the cells of vasomotor and 
respiratory centres (Adrian, 1932), and the rhythmic discharge of the electrical 
organ of Torpedo (Fessard, 1942). In fact, Arvanitaki (1942) has demonstrated 
that simply bringing together two cells oscillating at very different frequencies 
was sufficient to make them synchronize. 

Now, when a synchronous volley of stimuli with a frequency within a certain 
range is applied to a dorsal root, then a large number of internuncial cells begin 
to discharge at the optimal frequency for synchronization. As Bremer (1950) 
has pointed out, the frequency of autorhythmic potentials, of motoneurone 
discharges in voluntary and reflex contractions and of the synchronized activity 
of the grey matter of the spinal cord, with or without strychnine, is always the 
same, between 10 and 30 per sec. The same order of frequency (i.e. at least 
10-15 per sec) is necessary to obtain synchronization by electrical stimulation 
of the dorsal roots or of sensory nerve fibres. The synchronization of motor 
activity follows very closely the pattern described by Arvanitaki (1942) for 
two cells of Aplysia put in contact: in the first phase the interaction is incom- 
plete and transitory, with synchronization appearing and disappearing; 
following this, there is a phase with perfect synchronous waves which lasts for 
a certain time; then after another desynchronization, synchronism appears 
more and more easily and is maintained for very long periods. 

Arvanitaki (1942) points out that some special influence seems to facilitate 
the domination of one cell by the other. That a similar influence must exist 
also in spinal cord synchronism is shown by the prolonged period (up to 5 min) 
of facilitation after the end of repetitive stimulation which induces a volley of 
completely synchronized motor potentials. As this influence is observed also 
in the preparation of two cells of Aplysia, insulated and set in contact, it must 
be correlated only with the activity of the cells themselves and not with other 
structures, and hence must be an intimate part of the genesis of cellular activity. 
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There is some difficulty in explaining the change in shape of the non-con- 
ducted slow potentials when synchronization appears: that some change must 
occur is obvious as much of the slow synaptic potential is the reflexion of 
activity in those same internuncial neurones responsible for synchronization. 
But to explain why the rapidity of the rising and of the falling phase of the 
synaptic potential is greater, will require further work. One hypothesis can 
however be suggested; if that part of the synaptic potential recorded on the 
motor root is the sum of the slow potentials in single motoneurones then 
synchronization of the activity of the motoneurones must make it of shorter 
duration than during asynchronism; in the same way the synchronous 
conducted potential from a certain number of neurones lasts a shorter time 
than their complete discharge when those neurones are asynchronous. 

The depression of synchronization induced by some midbrain structures 
seems to be correlated with the general depressive effect on the motor response 
of positive d.c. applied directly to the spinal cord. The main way in which this 
depression is obtained seems to be by the change in potential level of the spinal 
cord. This problem is, however, fully investigated and discussed in another 
paper (Gualtierotti, 19525). — 


SUMMARY 

1. In spinal frogs the reflex response to the same stimulation may vary from 
complete asynchronism to complete synchronism. 

2. Electrical stimulation of dorsal roots or of sensory fibres in the sciatic 
nerve has no synchronizing effect at frequencies up to 6-8 per sec. 

3. Synchronization of motor potentials occurs gradually at higher frequen- 
cies, the lowest effective being about 10-15 per sec. In this case a completely 
asynchronous discharge occurs during the first motor response: synchronization 
subsequently increases till a nearly perfect synchronized wave is recorded 
after the 15th—-20th stimulus. 

4. The strength of stimulation must be well above threshold: further 
increase does not improve the effect. 

5. During prolonged stimulation the synchronization once obtained does 
not remain constant, but may vary periodically. 

6. The synchronous wave shows the following characteristics: its amplitude 
is not constant and may become 4-8 times larger than that of asynchronous 
potentials; its duration is 4-12 msec and its delay after the stimulus 15-20 msec. 
Other synchronous waves may follow the first, the last having a delay of 
60-70 msec. 

7. Synchronization may be facilitated for up to 2 min after the end of 
the stimulation when a synchronous discharge has been obtained. 

8. The ventral synaptic potentials appear to change in shape when the 
synchronism begins: the rising part of the curve becomes steeper and the 
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falling part shorter and exponential. Thus the duration of the v.R.P. decreases 
from 1 sec down to 50-20 msec, with an average value of 200 msec. 

9. Nochange is observed in slow and fast sensory activity during the process 
of synchronization of the motor action potential. 

10. The synchronism has been shown to be dependent only upon the 
internuncial neurones in the segment of the spinal cord directly involved in 
the reflex. 

11. The brain structures above the cranial end of the pons seem to exert 
a strong inhibitory effect on the synchronization mechanism: no synchroniza- 
tion is obtained in frogs with the midbrain or diencephalon intact. 

12. The synchronism has been assumed to be a direct effect of ephaptic 
interaction between adjacent neurones, and spontaneous autorhythmic activity 
to result from an extreme degree of such interaction. 


The author wishes to thank Prof. E. D. Adrian and Prof. Sir Bryan Matthews for the hospitality 
of the Laboratory; Prof. Sir Bryan Matthews for his supervision and assistance during the work ; 
the Rockefeller Foundation for a personal grant, and the Medical Research Council for apparatus. 
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MICROELECTRODE STUDIES OF THE ELECTRICAL 
ACTIVITY OF THE CEREBRAL CORTEX IN THE CAT* 


- By CHOH-LUH LI anp HERBERT JASPER 


) From the Department of Neurology and Neurosurgery, McGill University, 
and the Montreal Neurological Institute 


(Received 8 December 1952) 


After over twenty years of study, the neurophysiological basis of the rhythmic 
oscillations in electrical potential which can be recorded from the cerebral 
cortex remains poorly understood. 

The most direct approach to this problem, and the only one which will 
eventually give a definite answer, is by means of microelectrodes which will 
record the discharge of single nerve cells simultaneously with the slower 
potential oscillations as well as the direct-current potential field in which the 
single units lie. The original studies of Renshaw, Forbes & Morrison (1940) on 
the hippocampus of the cat showed that unitary discharge of the pyramidal 
{ cells could be recorded with the microelectrodes when they were placed within 
the stratum pyramidale. Only slow waves were seen when recording from the 
surface and there was no suggestion that the slow waves were made up of 
envelopes of spike discharge. In fact there seemed to be no clear relationship 
between the slow wave oscillations and the unitary spike potentials obtained 
| from the pyramidal cells. 

Similar results have recently been obtained by Brookhart, Moruzzi & Snider 
(1950) in the cerebellum, who concluded that the 200-300 per sec rhythmic 
activity of the cerebellum did not correspond to unitary discharge of cells 
within the cortex of cerebellum as recorded with microelectrodes. Woldring & 
Dirken (1950) have, however, recently reported rapid spike activity from the 
surface of the cerebral cortex obtained with electrodes made with platinum 
wires of 304 gauge, and which was most prominent in the waking animal, with 
grouped spike potentials related to slow waves in light narcosis. 

In the present report we wish to present the results of microelectrode studies 
of unit activity within the cerebral cortex of the cat in relation to slow potential 
oscillations under different excitatory states as affected by barbiturate 
te Aided by a grant from the Canadian Foundation for Poliomyelitis, Canadian Legion, Quebec 
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anaesthesia, asphyxia, strychnine, picrotoxin and acetylcholine. In this study 
we are presenting observations only on the ‘spontaneous’ activity of the 
postsigmoid gyrus (somatosensory) of the cat. 


TECHNIQUE 


A series of forty-five adult cats were used in these experiments. They were anaesthetized with 
intravenous thiopentone sodium and local infiltration of the scalp with cinchocaine hydrochloride 
for craniotomy. After the operative procedure was accomplished, no further general anaesthesia 
was administered, except for the study of its effects during the course of the experiment. The 
animals were maintained on artificial respiration throughout and were kept quiet with p-tubo- 
curarine chloride. 

In earlier experiments of this series the cortex was exposed rather widely and the ventricles 
opened through the cisterna magna to minimize movements of the brain a panying respiration 


Fig. 1. Recording through a fluid-tight skull window. A, proximal portion of the electrolyte-filled 
glass microelectrode with chlorided silver wire inside; B, reference electrode in white matter; 
C, the surface recording electrode; D, side tube for irrigation or introduction of testing 
solutions; E, side tube outlet of excess irrigating fluid or pressure as desired. 


and pulse. A metal ring covered with cotton was then placed lightly on the surface of the cortex 
around the area into which the microelectrode was to be inserted in order further to control 
pulsation. This will be referred to as the open preparation. 

In later experiments only a large trephine hole was placed in the skull over the sensory area and 
the dura removed in this area. A threaded metal ring was then screwed tightly into the hole and 
& transparent window cemented into the top, together with a glass tube through which the 
microelectrode could be inserted. Other openings were available for flushing with saline and for 
the placement of other recording electrodes. The entire chamber cold then be sealed tightly, thus 
maintaining the closed-skull condition which not only prevents movements of the cortex but 
serves to maintain the surface in a much better physiological state for prolonged study. This will 
be referred to as the closed preparation. A photograph of the window in place is shown in Fig. 1. 

The microelectrodes were made of glass pipettes drawn to an inside diameter of about 1 or 
less and filled with either 1 or 3 m-KC! or m-NaCl solution. A microphotograph of the tip of one of 
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these electrodes in relation to the size of the larger neurons in the sensory cortex is shown in Fig. 2. 
This method was similar to that described by Ling & Gerard (1949) and employed by Nastuk & 
Hodgkin (1950) and more recently by Amassian (1952), Thomas & Jenkner (1952, to be published) 
and Brock, Coombs & Eccles (1952). 
totheinputof acathode follower pre-amplifier. The d.c. resistance of the vari lectrod 
was found to be between 1 and 40 MQ. 

Glass pipettes of 2-5 u inside diameter filled with antimony were used as recording electrodes in 
five experiments. Stainless steel microneedles, 5-8, in diameter, made according to the design 
of Grundfest, Sengstaken, Oettinger & Curry (1950) were used in some experiments. 


Fig. 2. Relative size of microelectrode and cortical neurones. A: superimposed microphotographs 
of the stage micrometer and glass microelectrode. Each small division of the scale represents 
10u. B: Large pyramidal neurones in the fifth layer of postsigmoid gyrus, stained with 
cresyl-violet from paraffin block at the same magnification. (Cat 50-194-240.) 


Recording was carried out with a condenser-coupled amplifier and a 2- or 4-beam cathode-ray 
oscilloscope. The activity was monitored throughout with a loud-speaker. Records were frequently 
taken with one channel through a short time constant amplifier (0-001 sec) to record only the spikes, 
while recording from the same electrode through a longer time constant amplifier (0-45 or 0-15 sec) 
to study the relationship between the spikes and the waves of longer duration. Records of surface 
cortical activity were taken simultaneously with a silver ball electrode (0-5 mm in diameter) 
placed on the cortex at the site of insertion of the microelectrode. The reference electrode consisted 
of the metal frame of the head holder which was in contact with the mouth and four points on the 
scalp around the head. In recent experiments we have used a reference electrode inserted into the 
white matter immediately beneath the cortex below the microelectrode. 

Microelectrodes were inserted with a micromanipulator which permitted measurement of depth 
from the cortical surface. The position of the needle was checked in some experiments by replace- 
ment with a steel microelectrode in order to be able to deposit iron by electrolysis at the tip, and 
to stain for iron by the method of Marshall (1940). 


ANATOMICAL CONSIDERATIONS 


For the purpose of this investigation it is necessary to re-examine the anatomy 
of the postsigmoid cortex in order to review the size and the relative distribu- 
tion of the cortical neurones and their processes in vivo. 

The detailed account of the cytoarchitecture and the histoarchitecture of 
the mammalian cortex has been previously given by Campbell (1905), Cajal 
(1909) and Lorente de Né (1943), and was recently reviewed by Chang (1951). 
Although Chang was concerned mainly with the molecular layer, his composite 
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drawing from the brains of mouse, cat and rabbit is nearly identical to our 
drawing of the remaining layers of the cortex, as shown in Fig. 3B. 

While the dendrites and axons are best studied with Golgi and Cajal’s 
pyridine-silver preparations, the identification of the cellular strata is most 
readily made by means of Heidenhain and Nissl’s stains. Nevertheless, 
shrinkage during preparation by these methods makes measurements of the 
depth of cellular layers in the living cortex uncertain. 


+15 


Fig. 3. A: a Nissl stained preparation from frozen section of the postsigmoid cortex. 
(Cat 52-477-M44.) Magnification according to the scale shown in B. B: drawing from a Golgi 
preparation of the same cortex. C: unitary spikes recorded at various depths in mm, as 
indicated under each example. The illustrations were taken from one insertion of a glass 
microelectrode at different depths from the surface. 


For example, with the Golgi technique the average thickness of the postsig- 
moid cortex is 1100 and the large pyramidal cells found in the fifth layer are 
about 18 by 40. In Cajal’s preparation the average measurement of the 
thickness of the cortex is 750, and the large pyramidal cells are 16 by 35. 
Obviously, there has been a marked shrinkage of the tissue due to fixation, 
impregnation and dehydration in these preparations. 

Considerable shrinkage of the tissue is also found in the cresy]-violet prepara- 
tion from paraffin blocks. In this case the average thickness of the postsigmoid 
cortex is 1560 while the large pyramidal cells attain a size of 48 by 65. The 
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measurement most closely approximating those found under living conditions 
is to be obtained from the frozen preparation stained with cresyl-violet 
(Fig. 3A), from which the average postsigmoid cortex measures 1850 in 
thickness. On the other hand, under experimental conditions, especially with 
the cortex exposed, swelling of the brain is apt to occur. After taking all these 
factors into consideration and observing numerous slides of various prepara- 
tions a composite drawing of the postsigmoid cortex of the adult cat was 
prepared as shown in Fig. 3B. Attempts were made to calibrate each structure 
in the drawing as it would be seen in the living cortex during the experimental 
procedure. There is, of course, a layer of fluid in the subarachnoid space not 
indicated in the drawing. 

The molecular layer consists of mainly tangential dendritic fibres and a few 
Cajal’s horizontal cells. There are also small granular cells (Golgi Type II) 
which in the Golgi preparation appear as small oval dots with short processes. 
The horizontal cells of Cajal measure 10 by 15. The thickness of this layer of 
the cortex is 0-20-0-25 mm. 

The second and third layers are sometimes difficult to differentiate and 
consist of many small and medium-sized pyramidal cells. The pyramidal cells 
in this layer measure from 14 by 18 to 20 by 25. There are also a few granular 
cells. The combined thickness of these two layers is 0-6-0-7 mm. 

The fourth layer is chiefly composed of Golgi Type II cells, a few small 
pyramidal cells and occasionally cells of Martinotti. The latter cells are of an 
average size of 20 by 30y. This layer has a thickness of 0-25-0-35 mm. 

The fifth layer consists of large pyramidal cells which may reach 60 by 80yu 
in size. Smaller sized pyramidal cells are also numerous. The thickness of this 
layer is 0-40—-0-42 mm. 

The sixth layer contains small cells of various shapes and sizes. There are also 
cells of Martinotti. The measurement of this layer is 0-40—0-45 mm. 

It is noted that the neurones, which are seen throughout the entire thickness 
of the cortex (about 2-0 mm), vary greatly in size as well as in shape. The 
measurements given above are by no means absolute, but they represent an 
average which may assist the interpretation of the results of this study. 


RESULTS 
| Unitary spike potentials 
In closed preparations unitary spike discharges were recorded from the surface 
of the pia and from the molecular layer of the cortex. When the experiments 


_ were carried out with the cortex exposed, on only one occasion were the unitary 


spikes recorded from the pia and the molecular layer. It was felt that their 
absence in the open preparations was due to environmental change leading to 
an unknown degree of deterioration of the superficial structures of the cortex. 
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This was in agreement with the experience of Woldring (1952, personal com- 
munication). 

These spikes recorded from pial surface and molecular layer were about 
50-120uV in amplitude and between 0-6 and 0-85 msec in duration. They 
were initially negative in sign, but very occasionally a small positive potential 
of about 15-20V and 0-1-0-2 msec duration preceding the negative spike was 
observed. Not infrequently a small negative after-potential occurred in the 
course of the falling phase of the negative spike. In the latter case the whole 
event might last’ as long as 1 msec. In all instances this was followed by 
a prolonged after-positivity which might last as long as 5 msec. The detailed 
ys analysis of these spikes could only be accomplished by microelectrodes of 1 u 
or less in diameter. With the larger electrodes many units were recorded 
together and it was very difficult to isolate single units for study. 

Spikes recorded below the level of about 200 from the surface were higher 
in voltage (0-15-10 mV) and predominantly initially negative, without 
_ preceding positivity. They were also from 0-65 to 0-85 msec in duration 
measuring from the onset of the spike to the termination of the negative 
after-potential. These spikes were most readily obtained in all experiments in 
this upper level at a depth of 0-3 and 0-8 mm below the surface corresponding 
to the layers of small pyramidal cells of layers II and III of the cortex. They 
seemed to occur ‘spontaneously’ with no deliberate sensory stimulation. 

Inserting the electrode deeper, between 0-9 and 1-2 mm from the surface, 
unitary spikes were again rarely seen, and when present they were usually of 
low voltage. The form of the spikes obtained from this level was similar to that 
from the level above. 

The highest amplitude unitary spikes were consistently found in all experi- 
ments at a depth of 1-2-1-7 mm beneath the surface. These spikes were of 
similar form and duration, but might reach 4-5 mV in height. Since these 
large spikes were obtained only from the region of the large pyramidal cells of 
the layer V of the cortex it seems highly probable that they represent the 
discharge of these cells. The form and size of spike discharge as recorded from 
various depths of the cortex with the microelectrode through the same site of 
entry are shown in Fig. 3C. 

From the white matter no large unit spikes were obtained, only very low 
voltage spikes scarcely above the noise level of our recording system. It seems 
clear, therefore, that with this technique unitary spikes are obtained from the 
close proximity of the larger cells of the cortex and that their amplitude may 
be roughly proportional to the size of the cells. Furthermore, it would seem 
that unitary activity of very small cells and fibres within the cortex is not 
clearly detected with such small high-resistance glass microelectrodes. They 


might be apparent if the input resistance could be reduced so as to reduce the 
noise level of the apparatus. 
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That these negative spikes represent action potentials from single cortical cells 
is indicated by their all-or-none character of constant amplitude (amplitude 
variations occurring only when the cortex has been inadequately immobilized) 
and by the fact that they appear and disappear with small displacement of the 
tip of the microelectrode. Advancing the tip of the microelectrode only 20-30 
would frequently cause the sudden appearance of a large single spike. It 
would then disappear completely from the record when the electrode was 
advanced about the same distance. The local potential fields of these spikes, 
especially in the deeper layers of the cortex, is of the order of 60, scarcely 
more than the size of the cell bodies in this part of the cortex. It would appear 
that they represent extracellular potentials, judging from their size and sign, 
but it must be necessary to be very close to the cell membrane to detect them 
with the small high resistance electrodes. (We have the impression that 


Fig. 4. Periodica change of spike amplitude with respiration. First line of the record was taken 
with a short time constant amplifier and the second line with a long time constant amplifier. 
Recording with an antimony-filled glass pipette having an outside diameter of 15 and an 
inside diameter of 8 yu, at a depth of 380, below cortical surface, (Cat 52-477-M44.) 


localization does not appear to be as precise with the larger (4-5) lower 
resistance antimony electrodes.) 

It is unlikely, however, that it is necessary for the tip of the micropipette to 
be in actual contact with the cell membrane for we have frequently picked up 
a unit on the way down, passed it by about 0-5 mm, and then returned to the 
same setting on the micrometer to find the same active unit again, showing no 
signs of injury. If the tip had been in contact with the cell membrane, injury 
effects would be expected as they are frequently found. Also there would 
occasionally occur a rhythmic variation in spike height synchronous with 
respiration (Fig. 4) when the cortex was inadequately immobilized in the open 
preparation. This indicates that the electrical field of these unit spikes extends 
at least a few micra beyond the limits of the cell membrane with a sharp 
potential gradient which probably does not extend much beyond the limits of 
the perikaryon, since it cannot be detected from the vicinity of the dendritic 
or axonal extensions of the cell. 

The lack of initial positivity in most of the negative spikes, save for a few 
instances when the spikes were recorded from the pial surface, suggests that 
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these spikes must be of local origin, with no clear evidence of significant 
propagation. The form and duration of the spikes, which are similar to those 
recorded from the single axons of nerve fibres (Gasser, 1938) and from the 
motoneurones of spinal cord (Brock et al. 1952), may indicate that these spikes 
represent action potentials of the cells in the cortex. 

The possibility that such spikes appearing ‘spontaneously’ may result from 
mechanical irritation of the tip of the microelectrode must be considered, 
especially in the light of the findings of Alanis & Matthews (1952). However, 
when similar spikes can be evoked by afferent stimulation and readily sup- 
pressed by anaesthesia, it would suggest that they are not all a result of 
mechanical irritation but may follow transynaptic excitation of the cell. 

Positive spikes which were possibly of intracellular origin were frequently 
seen, but they were always associated with the characteristic rapid discharge 
of the injured cell. They would usually cease firing after a few seconds (at most 
2 or 3 min) and no more activity could subsequently be obtained from this 


Fig. 5. Injury discharge. The spikes were initially positive in sign and their frequency and ampli- 
tude rapidly diminished until they disappeared completely. The record was taken with a glass 
microelectrode at a depth of 400 below the cortical surface. Apparent diphasicity is due to 
distortion of short time constant amplifier. (Cat 52-430-M 41.) 


electrode position. It was assumed that the cell was fatally injured by penetra- 
tion of the microelectrode, An example. of such an injury discharge is shown 
in Fig. 5. We have been unable, as yet, to maintain intracellular recording for 
a sufficient length of time for adequate study, though some interesting transient 
results will be presented later when discussing the effects of convulsant drugs. 
Occasionally positive spikes of 4 or 5 mV in amplitude have been recorded for 
several minutes, but always with signs of injury. In contrast, a single negative 
spike could be maintained at constant amplitude for several hours in favourable 
preparations, especially with the sealed window technique (closed preparation). 

The frequency of unit discharge, as well as the number of units found 
“spontaneously ’ active, was found to be clearly related to the general alertness 
of the animal, confirming the observation of Woldring & Dirken (1950). When 
the animal was aroused from drowsiness or sleep by any form of sensory 
stimulation (noise, pinching the tail, or tapping the nose being particularly 
effective) a given unit would fire continuously at a rate of 100-150 per sec as 
shown in Fig. 6A. With the animal at rest for a time, the rate of unit discharge 


4 
4 
4 jie 
| Fig 
1 al 
wi 
ta 
in 
an 
de 
ar 
Ww 
th 
de 
be 
d 
4 
8 
CC 
a) 
a 
€ 


was most commonly between 1 and 12 per sec (Fig. 6C). More commonly, with 

{ the animal at rest, discharges appeared in short bursts separated by quiet 
intervals, as shown in Fig. 6B. Frequency of discharge in each train was often 
between 30 and 50 per sec. (Relations with slow waves will be considered in 
_ the next section.) When a unit, or group of units, ceased firing altogether they 
_ ould readily be reactivated by arousal of the animal from what appeared to 
be a condition of deep sleep. The highest frequency unit discharges and the 
_ greatest number of active units were found when the animal was very alert and 
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restless. 


Fig. 6. Spontaneous unit spikes in a rapid train (A), in interrupted trains (B) or sporadically at 
low frequency (C). Records from one electrode position at different times, 600 1 beneath the 
surface. (Cat 52-159-M25.) 


Microelectrode records of slow waves 

The slow waves or rhythmic oscillations of potential (‘«-waves’, etc.) appear 
almost identical when recorded with microelectrodes as they are when recorded 
with gross electrodes on the surface of the cortex. Some examples are shown 
in Fig. 7 which compares surface activity with both gross and microelectrodes, 
and the changes which occur when the microelectrode is inserted at different 
depths in the cortex. The bursts of «-waves at a frequency of 8-12 per sec 
appear synchronously throughout the upper layers of the cortex, though there 
was a tendency for reversal of phase to occur at a depth of about 1 mm from 
the surface. This phase reversal did not occur sharply, but between the depths 
of about 0-8-1-2 mm. 
This is about the depth of layer IV of the cortex where one finds the greatest 
density of the terminations of thalamo-cortical afferent fibres. 
When the microelectrode was situated in layer V (between 1-2 and 1-6 mm 
below surface) there were frequent slow waves which appeared quite indepen- 
dent of the simultaneous record from the cortical surface. In fact, it was 
surprising at times to see the amount of rhythmical electrical activity which 
could take place in the depths of the cortex without being reflected in any 
apparent change in the record from the gross surface electrode only 1-0-1-5 mm 
above (see Fig. 7B). At times, however, the potential rhythms from the 
surface and from the deepest layers of the cortex would get into step and beat 
together momentarily (Fig. 9). 
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It is apparent that the slow rhythmic waves of the cortex represent poten- 
tial fields generated by some form of activity in many neuronal elements which 
are more or less well synchronized. The nature of this slow wave activity seems 
different from that of the unit spike discharge described above. 

In reviewing all the spontaneous waves recorded with gross surface elec- 
trodes and with microelectrodes at various depths in the cortex, the briefest 
waves and those of most constant form were of the order of 15-20 msec in 


Fig. 7. Slow waves recorded simultaneously from the surface (S) and different depths (as indicated 

in mm) of the cortex. The first line of each record was taken with a large electrode on the pial 

surface. The second and third lines were taken with a microelectrode through different time 

pens a neg A is from one experiment (Cat 52-396-M39) and B from another (Cat 
-M44). 


duration. Waves of longer duration (60-100 msec) were of more irregular 
form, more variable, and with undulations on the rising or falling phase. This 
suggests that the slower waves may be composed of envelopes of temporally 
dispersed waves of shorter duration. However, the ‘unit’ waves are not spikes 
of the type described above but appear to be waves of not less than 10 msec 
duration. Certainly the rhythmic waves which most closely resemble the 
a-rhythm of the electroencephalogram were most commonly seen as individual 
waves of 30-50 msec duration repeated at a frequency of 8-12 per sec. 
Since the same type of spontaneous rhythmic waves were also seen in some 
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records with individual waves of only 15-20 msec duration one may assume 
that the waves of longer duration are composed of ‘units’ of the order of not 
more than about 20 msec duration. Slow waves of over 100 msec duration 
are usually associated with an abnormal condition of the brain and might 
be considered a different phenomenon with which we shall not be concerned 
in the present study. 

If we are correct in assuming that the ‘unit’ of the slow-wave phenomenon 
is of this order of duration (10-20 msec) they do not behave as action potentials 
of the type associated with neuronal discharge. They do not appear in an 
‘all-or-nothing’ manner but continually vary in amplitude and they cannot be 
precisely localized to individual neuronal elements in the cortex. What then is 
the relationship between these slow waves and the unit spike discharge of 
cortical cells? 


Fig. 8. Unitary spikes without clear phase relationship to the «-waves and continuing longer than 
the a-burst. The first line of the record was taken with a large electrode on the surface, and 
the second line with a microelectrode at a depth of 1600, below the surface. (Cat 52-M 15.) 


Relations between slow waves and unit spikes 


Relationships between unit spikes and slow waves recorded from the same 
microelectrode with reference to a distant diffuse extracranial lead were 
variable and complex. A somewhat closer relationship was present when using 
a reference electrode inserted into the white matter just beneath the area of 
cortex under study, but even under these conditions the large slow waves were 
not always clearly related to unit spike discharge. Relations between unit spike 
discharge and large fluctuations in direct-current polarization of the cortex, 
appearing as ‘swings of the base-line’ with condenser-coupled amplifiers, have 
been observed incidentally in the present series of experiments. They are now 
under study with direct-current amplifiers and will be the subject of a later 
report. 

It was not uncommon to observe rhythmic slow waves up to 1 mV in 
amplitude and unitary or groups of spike discharge recorded from the same 
microelectrode in the depths of the cortex with no apparent relationship 
between the phase or frequency of the slow waves and that of the spikes, as 
shown in Fig. 8. 

When the animal was left relatively undisturbed for some time (at night in 
a quiet laboratory) there would occur bursts of 8-10 per sec rhythmic waves 
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separated by quiet intervals very much like the spindles of a-waves in the 
human electroencephalogram or the ‘barbiturate bursts’ in anaesthetized 
animals. In this condition of the cortex, unitary spikes recorded with the 
microelectrode often appeared throughout the burst of «-waves and ceased 
firing during the intervals between bursts. However, the spikes did not 
necessarily bear any clear phase relationship to the «-waves and might even 
continue for a second or so longer than the a-burst. It was as though the 


cortical excitability changes underlying the waxing and waning of the «-waves | 


(see Moruzzi, Brookhart, Niemer & Magoun, 1950) also affected unitary spike 
discharge without a definite relationship between the spikes and individual 
a-waves, as shown in Fig. 8. Arousal of the animal to increased alertness 
would then frequently arrest the a-waves while increasing the frequency 
and continuity of unitary spike discharge. 


Fig. 9. Rapid discharge of unit spikes arrested during a burst of slow rhythmic waves. First tine 
of the record was taken with a gross electrode from the cortical surface, second and third lines 
with a microelectrode at a depth of 1700p through different time constant amplifiers. 
(Cat 52-137-M21.) 


In rare instances the opposite relationship between bursts of slow waves and 
repetitive spike discharge has been observed. Spikes would appear con- 
tinuously during the absence of «-waves, to be arrested shortly after the onset 
of a burst of «-waves, as shown in Fig. 9. This relationship has been observed 
only when the tip of the microelectrode was in the deeper layers of the cortex 
(layer V). A positive relationship, or no relationship between the bursts of 
a-waves and spike discharge has always been observed in the more superficial 
layers, never a negative relationship. 

Occasionally a very clear relationship would appear between the phase of 
the slow waves and repetitive spike discharge, as shown in Fig. 10. When this 
occurred the spikes appeared on the negative rising phase or peak of the slow 
wave. This relationship became clearer following anoxia, acetylcholine, and 
convulsant drugs, as will be shown later. It was also more commonly seen with 
slow waves of brief duration than with those of longer duration. 

From these studies of the spontaneous slow rhythms and unitary spikes in 
animals without general anaesthesia the general impression was that the usual 
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surface cortical electrogram gives very limited information concerning the 
actual discharge of neurones within the depths of the cortex as recorded by 
microelectrodes. It was quite clear that rhythmic slow waves of the type 
called a-waves in electroencephalography are not made up of envelopes 
of unitary spike discharges of the larger cortical cells. Even the smaller 
(50-100V) spikes picked up in the molecular layer with larger antimony 
electrodes did not bear a sufficiently constant relationship to the slow waves 
to be thought of as their necessary accompaniment. However, under certain 
rather ill-defined conditions, it was clear that there was a relationship between 
the excitability of nerve cells (as judged by their ‘spontaneous’ firing) and the 
slow oscillations in potential forming the usual electroencephalogram, but this 
relationship was not a necessary one. Other factors were obviously capable of 
causing neurone discharge independent of the rhythmic slow waves. 


Fig. 10. Unit spikes on negative phase of slow waves and disappearing when the slow waves were 
absent. Upper line of the record was taken with a long time constant amplifier and the lower 
line with short time constant. Recording at a depth of 10204. (Cat 52-430-M41.) 


Asphyzxva and anaesthesia 

The potential independence of the unit spike and slow wave activity of the 
cerebral cortex is given a more striking demonstration in studies of the effects _ 
of asphyxia and anaesthesia. In fact, the reason for conducting this series of 
experiments without general anaesthesia was the initial failure to obtain unit 
spike discharges in animals under barbiturate anaesthesia (Li, McLennan & 
Jasper, 1952). Spike discharge was equally sensitive to asphyxia. 

The ‘spontaneous’ unit spikes found in all animals without general 
anaesthesia were readily abolished by short arrest of respiration. Following 
a transient excitatory effect spikes could no longer be obtained from any level — 
of the cortex before there was much effect upon the rhythmic a-waves. 
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Within 10-20 sec after stopping the artificial respirator in curarized animals 
there was a marked increase in the number and frequency of unit spike 
discharge. This was followed within about 30-60 sec by a complete dis- 
appearance of all spontaneous spike discharge throughout all layers of the 
cortex. The amplitude of the ‘a-waves’ might then be reduced somewhat, but 
if respiration were then restored they would return to normal amplitude before 
return of spikes. In some preparations spontaneous spikes did not return for 
20-40 min after an arrest of respiration for less than 1 min (see Fig. 11). 


Fig. 11. Effect of asphyxia. A: before asphyxia. B: after 30 sec of asphyxia. C: 80 sec after 
restoration of respiration. D: 20 min later. ee 
(Cat 52-188-M7.) 


The effect of thiopentone and pentobarbitone sodium anaesthesia was 
similar to that of asphyxia, except for the much longer duration of these 
effects, especially with pentobarbitone. With minimal curarization in order to 
be able to test the responsiveness of the animal it was found that an initial 
small dose‘of pentobarbitone administered intravenously, insufficient to quiet 
the animal completely or to affect corneal reflexes, caused a marked increase 
in spontaneous unit spike discharge. With deeper levels of anaesthesia, 
sufficient to arrest all spontaneous movements and to abolish corneal reflexes, 
the unitary cortical spikes were almost completely absent from all layers of 
the cortex. At this stage bursts of rhythmic slow waves (barbiturate bursts) 
were often enhanced. Bursts of unit spikes could still be induced in response 
to afferent stimulation even though spontaneous spike activity was absent. 

With still deeper anaesthesia there was some decrease in the voltage of 
bursts of slow waves and the spike discharge could no longer be induced by 
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afferent stimulation or by direct thalamic stimulation. However, surface- 


positive evoked potentials of 25-30 msec duration could still be produced by 
local thalamic stimulation even when they were no longer accompanied by 


unit spite discharge, as shown in Fig. 12D. The anaesthetic block of neuronal 


Fig. 12. Complete arrest of spontaneous and evoked unit spikes with pentobarbitone anaesthesia 
without depression of slow evoked response to thalamic stimulation (centre median). A: spon- 
taneous slow wave and unit spikes before anaesthesia, B: positive evoked potential wave 
and delayed unit spikes in response to thalamic stimulation (single shock to centre median). 
C: spontaneous wave without spikes after pentobarbitone. D: positive evoked potential 
to thalamic stimulation without spikes under deep pentobarbitone anaesthesia. E: unitary 
spikes return 4 min following administration of picrotoxin. F: multiple unit spike shorter 
latency response to thalamic stimulation following picrotoxin. Glass microelectrode was 
maintained at a depth of 950, throughout. (Cat 52-289-M32.) 

Fig. 13. Relationship between unitary spikes and slower potentials under the influence of 
picrotoxin. Recording at a depth of 1200py. (Cat 52-289-M32.) 


discharge within the cortex did not prevent evoked potentials from being 
recorded of equal amplitude and form. Picrotoxin administered to the 
anaesthetized cat caused the unitary cell discharge to reappear without 
causing much increase in the slow evoked potential (Fig. 12E, F). 
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These results would suggest that cortical evoked potentials of the usual 
slow wave type recorded with gross surface electrodes are not necessarily 
associated with discharge of nerve cells within the cortex, at least of the type 
recorded with the microelectrode techniques used in the present study. 


Convulsant drugs 


Picrotozin. The depressing effect of barbiturate anaesthesia upon unit spike 
discharge was reversed by the intravenous administration of picrotoxin. 
Following deep pentobarbitone anaesthesia, sufficient to abolish unit spike 
discharge, it returned within 5 min after the injection of a small dose (0-3 mg) 
of picrotoxin (Fig. 12). With larger doses the first effect to be observed was the 
appearance of large slow waves of increasing voltage, the familiar picrotoxin 
‘spikes’ of the electrocorticogram. These ‘picrotoxin’ spikes were not 
accompanied, at first, by unit spike discharge. As they became larger, a burst 


Fig. 14. Electropositive spikes presumably of intracellular origin. Note their absence during 
spontaneous negative wave. Recording at a depth of 1200yu. (Cat 52-289-M 32.) 


of unit spikes appeared on the peaks of the larger negative waves. 
Continuous rapid repetitive unit spike discharges then appeared for a time, 
having no relationship to the slow waves, except to be interrupted by them. 

Subsequently, an interesting wave form was often seen, namely a slow 
‘spike-and-wave complex’ similar to that obtained in the electroencephalo- 
gram of certain patients with epilepsy. A burst of unit action potentials was 
consistently associated with the slow ‘spike’ of the complex, while all unit 
discharge was arrested during the ‘slow-wave’ phase, This relationship has 
been found repeatedly with ‘spike-and-wave’ complexes induced by other 
means, the slow wave component of the complex being consistently associated 
with absence of unit discharge in the depth of cortex. 

In some of the experiments with picrotoxin the best examples of a definite 
relationship between negative slow waves and unit spike discharge were 
obtained, the spikes appearing on the rising phase or peak or falling phase of 
the slower wave, as shown in Fig. 13. On another occasion when spontaneous 
repetitive positive spikes were recorded, presumably of intracellular origin, the 
appearance of a negative slow wave due to the effect of picrotoxin interrupted 
the continuity of the positive spikes (Fig. 14). 
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Strychnine. Topical application of a drop of 1 % strychnine sulphate solution 
to the surface of the cortex at the site of insertion of the microelectrode 
resulted in an initial suppression of unit spike discharge. This occurred about 
20 sec after application of the strychnine, and lasted for about 10 sec. Then, 
in about 30 sec, there began to appear the usual high-voltage slow cortical 
potentials commonly called ‘strychnine spikes’ in the surface cortical electro- 
gram. (Terminology here becomes difficult since we wish to avoid confusion 
between the ‘strychnine spikes’ which are slow potential waves of the order of 
20-40 msec duration as compared with the unit spikes of less than 0-85 msec 
duration obtained only from the microelectrodes. We shall call these slow 
potentials ‘strychnine waves’ to avoid confusion with the unit spikes.) 


Fig. 15. Microelectrode records of the effect of local strychnine. Upper line in each sample was 
taken with time constant of 0-001 sec, lower line from same microelectrode with time constant 
of 0-02 sec. A: 5 min after local application of 1% strychnine. Recording at a depth of 
1800. (Cat 52-62-M6.) B: 4-5 min after local application of strychnine. Recording at 
a depth of 700u. (Cat 52-59-M6.) 

Once the strychnine waves were developed the unit spikes appeared in brief 
high-frequency bursts superimposed upon the negative phase of the strychnine 
waves, and were absent during the interval between (Fig. 15A). The frequency 
of unit discharge in each burst might reach as high as 600 per sec. At times the 
spike discharges continued at a high frequency independent of the transient 
strychnine waves. In the example shown in Fig. 15B, the initial frequency of 
discharge in a single unit was 200 per sec, decelerating in about 1 sec to 
a frequency of 40 per sec before ceasing completely. 

In one experiment local strychninization gave rise to 3 per sec spike-and- 
wave discharge as shown by the cortical surface recording with the ink writer 
(Fig. 16A). Simultaneous recording with the microelectrode at a depth of 
1250 revealed a burst of unit spikes occurring with the ‘spike’ component of 
the complex (Fig. 18B, C). 

The succeeding slow wave component was associated with absence of the 
unit discharge. This was similar to the spike-and-wave complex described 
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above, following the injection of picrotoxin, neuronal discharge being absent 
during the slow wave phase of the ‘spike-and-wave’ epileptiform discharge, 
only the initial more rapid ‘spike’ phase being excitatory. 

Eserine and acetylcholine. The local application of 0-5% (w/v) acetylcholine 
to the surface of the cortex, after pretreatment with eserine, resulted in 
a marked increase in slow rhythmic activity of the cortex, as well as an increase 
in unit spike discharge. The voltage and regularity of the 6-8 per sec rhythmic 
activity was increased, an effect which is known to represent an enhancement 
of the autonomous rhythms of the cortex itself; since it is obtained with equal 
facility in the isolated cortex preparation (Kristiansen & Courtois, 1949). 
Recording with the glass microelectrode from the more superficial layers of the 


cortex (0-5-0-8 mm) unit spike discharges, often repetitive, were regularly 


Fig. 16. Microelectrode records 20 min after local application of 1% strychnine at a depth of 
1250. A: ink writer on paper. B and C: oscilloscope records of two spontaneous strych- 
nine discharges taken at slow and rapid sweep speeds, upper lines with longer time constant 
amplifier and less amplification. (Cat 52-297-M 33.) 


associated with the negative peaks of the rhythmic slow waves, as shown in 
Fig. 17A. In the deeper layers of the cortex (1-5~-1-8 mm) the rhythmic slow 
waves became more positive in sign and the relationship with unit spike 
discharge was less apparent (Fig. 17 B). 

With a higher concentration of acetylcholine (2-5) applied to the eserinized 
cortex the excitatory effect became much more pronounced and was more 
clearly apparent in the deeper layers of the cortex. Bursts of rhythmic slow 
waves at 8-12 per sec reaching over 3 or 4 mV in amplitude appeared from the 
surface and throughout the depths of the cortex. The rhythmic slow waves 
became more constant in form and frequency, each wave being of the order of 
20-30 msec in duration. Exploration of the depths of the cortex with the 
microelectrode revealed many units in spontaneous repetitive discharge, some 
continuously and others in short bursts, each burst in relationship with the 
rhythmic slow waves. At times the rhythmic slow waves appeared as positive 
deflexions at the tip of the microelectrode, and seemed to interrupt the unit 
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spike discharge, while at other times the bursts of unit spikes appeared more 
or less in phase with the rhythmic positive waves. 

With repeated local application of 2-5°% acetylcholine the local excitatory 
effect would become sufficiently intense for the epileptiform discharge to 
spread and develop into a generalized convulsive seizure. During one of these 


Fig. 17. Effect of 0-5% acetylcholine on eserinized cortex. A: recording at a depth of 660,, 
15 min after acetylcholine. B: recording at a depth of 1550,, 40 min after 
Upper line in each record was taken with longer time constant amplifier. (Cat 52-430-M 41.) 


pith 


Fig. 18. Electropositive spikes presumably of intracellular origin. Repetitive rapid firing, at a rate 
of 250-300 per sec, persisted for 5-6 sec when the cat was having a generalized seizure under 
the effect of acetylcholine. (Cat 52-430-M41.) Note distortion causing diphasicity in second 
line taken with short time constant amplifier. 


attacks we were fortunate enough to maintain the tip of a microelectrode 
within a cell for a few seconds to observe repetitive positive spikes at a frequency 
of 250-300 per sec (Fig. 18). This confirms the observation of Adrian & Moruzzi 
(1939) that cortical cells discharge at excessively high rates when under the 
influence of convulsant drugs. In the present instance the excitatory effects 
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of injury to the cell by penetration of the microelectrode must also be 
considered. 

To summarize: the effects of convulsant drugs (picrotoxin, strychnine, and 
high concentrations of acetylcholine) are observed as a marked increase in both 
the slow waves and unitary spike discharge of the cortex. In addition, the 
slow waves become more closely synchronized throughout the depths of the 
cortex in general, and there is a closer relationship between slow waves and 
unit spike discharge. However, even under these conditions of high-voltage 
synchronous slow waves and increased excitability of nerve cells it was possible 
for the unitary cell discharge to get out of step withthe slow waves and fire 
repetitively at a relatively high frequency unrelated to any oscillations in slow 
waves in the vicinity of the tip of the microelectrode. 


DISCUSSION 
Recorded with microélectrodes less than 1p in size the spontaneous rhythmic 
potential waves corresponding to the a-rhythm of the cerebral cortex cannot 
be analysed into summated envelopes of spikes of the dimensions of action 
potentials from single neurones. Rhythmic waves at 8-10 per sec may be 
composed of ‘units’ of the order of 15-20 msec in duration while the action 
potentials from single cells within the cortex are less than 0-85 msec in duration. 

The variable relationship between unitary discharge in the depths of the 
cortex and the rhythmic slow waves, and the persistence of the slow waves 
after the spikes have been completely suppressed with asphyxia or anaesthesia, 
together with the rapid repetitive discharge of neurones under the effect of 
convulsant drugs independent of effects upon the slow waves, are sufficient 
evidence that the discharge of nerve cells within the cortex can be considered 
a separate phenomenon from the rhythmic oscillations in potential recorded in 
the surface electroencephalogram. In fact, one is greatly impressed with the 
wide variety of electrical activity which can be recorded within the depths of 
the cortex with microelectrodes which is not reflected in the records taken 
simultaneously with gross electrodes on the surface of the pia. It is little 
wonder that the electroencephalogram, recorded from the surface of the scalp, 
so often fails to reveal significant changes in cortical activity during obvious 
changes in its functional state. 

The present studies permit one to draw a close parallel between the slow 
waves of the cortex and the synaptic potentials of the spinal cord, as described 
by Gasser & Graham (1933) and Eccles (1946). Synaptic potentials of the cord 
are of the order of 15-20 msec in duration, comparable in duration to the 
briefest slow waves of the cortex. When transmission in the synapse of the 
anterior horn cell is blocked with barbiturate anaesthesia, a large synaptic 
potential persists in response to dorsal root stimulation, though the spikes 
indicating anterior horn cell discharge no longer appear. Under certain 
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conditions (Fig. 13), it is possible to demonstrate single or repetitive spike 
discharge on the rising phase or peak of negative (catelectrotonic) slow wave 
in the cortex, as is the rule for anterior horn cell discharge in relation to the 
negative phase of the synaptic potential of the cord when recording with 
extracellular microelectrodes. The polarity is reversed, of course, with intra- 
cellular recording as in the recent studies of Brock et al. (1952), a negative 
intracellular synaptic potential being associated with inhibition of neuronal 
discharge. In rare instances when we have been successful in recording 
spontaneous repetitive positive spikes from microelectrodes in the cortex we 
have occasionally seen an arrest of discharge during a slow wave of negative 
sign at the electrode tip as illustrated in Fig. 14. If we were actually recording 
from within a cortical cell at this time the intracellular negative polarization, 
which seemed to be associated with inhibition of cell discharge, would repre- 
sent extracellular anelectrotonus as has so clearly been shown to be associated 
with inhibition in the anterior horn cell of the cord. 

In the type of preparation used in this study (local anaesthesia) the somato- 
sensory area of the cortex must be continually bombarded by specific afferent 
impulses as well as activated by impulses from the non-specific ascending 
reticular system (the arousal system of Moruzzi & Magoun, 1949). In view of 
the rich fibrillary synaptic network of the cortex, synaptic potentials should 
be present in abundance, in addition to the possibility of spontaneous or 
autonomous oscillations of polarization which may occur (especially under 
the influence of excitatory drugs such as acetylcholine in high concentration). 
In order to fire cortical cells, however, transynaptic excitation must take place. 
Except for the direct mechanical excitation of cells which may account for 
some of the ‘spontaneous’ firing seen in the present experiments, most of the 
unitary cell discharge recorded may be considered due to transynaptic 
excitation of cortical cells (e.g. as manifest by the increased discharge during 
arousal and alertness of the animal as well as specific response to afferent and 
thalamic stimulation). The disappearance of unitary spikes with slight 
asphyxia would indicate, therefore, that cortical synapses are extremely 
sensitive to oxygen lack, and cease transmitting before there is a significant 
depression in synaptic potentials (though such a conclusion must be tentative 
until further studies with specific afferent stimulation). Barbiturates also 
seem to act particularly upon transmission in cortical synapses before pro- 
ducing marked effects upon synaptic potentials, if this interpretation of these 
microelectrode studies is the correct one. Convulsant drugs, on the other hand, 

“seem to produce their first effect upon synaptic potentials and then manifest 
a direct action upon cell discharge. 
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SUMMARY 

1. The ‘spontaneous’ electrical activity of the cortex has been studied 
using microelectrodes on the surface and at measured depths within the 
somato-sensory cortex of the cat under local anaesthesia and D-tubocurarine. 
2. The slow rhythmic waves of the cortex, comparable to the 8-12 per sec 
a-waves of the electroencephalogram, may be composed of ‘unitary’ elements 
of waves the duration of which is not less than about 15-20 msec and which 
have characteristics comparable to synaptic potentials of the spinal cord. 
Waves of longer duration (up to 100 msec) may represent the summation of 

temporally dispersed units of the same elementary nature. 


3. The potential field of the slow waves is not precisely localized but may | 


be fairly uniform from the surface to about 1-0 mm below, where some of the 
‘a-waves’ become out of phase with those simultaneously recorded at the 
surface. Beneath this level slow waves may appear independent of those at 
the surface. 

4. Unitary negative spike discharges of 0-6-0-85 msec duration, with 
amplitudes between 0-05 and 5-0 mV, appeared spontaneously from the tips 
of microelectrodes inserted into the cortex when the animal was awake and 
alert. The amplitude of the spikes appeared to bear a definite relationship to 
the size of nerve cells within the cortical layers from which they were recorded, 
the smallest being from the molecular layer, the next from layers II and III, 
and the largest from layer V where the large pyramidal cells are situated. The 
form of the unitary spike is similar to that of the action potential recorded 
from the single axons of nerve fibres and the motoneurones of the spinal cord. 
The potential field of these unitary spikes did not extend beyond about 60. 
in a vertical direction so that they must represent action potentials from the 
near vicinity of the perikaryon of nerve cells, though extracellular rather than 
intracellular. 

5. The number of active units throughout the cortex and their frequency of 
‘spontaneous’ repetitive discharge were increased when the animal was aroused 
and restless and decreased when it was left quietly for some time, apparently 
asleep. Specific responses to tactile stimuli were also present. 

6. Relationships between unit spike discharge and slow waves were complex 
in the resting animal without responses to specific stimuli. Only occasionally 
was it possible to demonstrate single or repetitive unit spikes, or a burst of 
more than one unit, on the negative phase of a spontaneous slow wave. 
Changes in level of cortical excitability associated with a burst of rhythmic 
slow waves was, however, often associated with repetitive firing of unit spikes 
though not necessarily in phase with the slow waves and continuing after the 
burst had ceased. In some instances slow waves were associated with inhibition 
of spontaneous repetitive spike discharge. 
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7. Rhythmic electrical activity of the type recorded with gross electrodes 
on the surface of the pia may, therefore, be present without evidence of actual 
discharge of nerve cells within the cortex as recorded with microelectrodes, as 
shown by the effects of asphyxia and anaesthesia. 

8. Convulsant drugs cause a marked increase in voltage of slow waves of 
the cortex, at the same time increasing the frequency of repetitive discharge of 
individual cortical cells as well as the number of active units. Unit discharge 
then becomes more closely related to the slow waves, though at times indivi- 
dual units may fire repetitively up to 300 per sec without any relationship to 
the slow wave phenomenon. 

9. The spontaneous rhythms of the cerebral cortex of the type called 
‘a-thythm’, etc., behave in many ways as though they represent synaptic 
potentials which may occur independent of neuronal cell discharge, though 
related in a complex manner to the excitability of nerve cells within the cortex. 
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CHANGES IN THE LUNGS OF THE NEW-BORN LAMB 
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In a previous series of experiments it was shown that artificial positive pressure 
ventilation of the lungs of foetal lambs caused an immediate fall of pulmonary 
and systemic arterial blood pressures (Ardran, Dawes, Prichard, Reynolds & 
Wyatt, 1952). In three lambs the systemic arterial pressure recovered, while 
the pulmonary arterial pressure continued to fall towards the level commonly 
found in adult animals. The observations of Reynolds, Ardran & Prichard 
(1953) on pulmonary circulation time in these newly delivered lambs also 
showed that on ventilation of the lungs pulmonary blood flow increased, on an 
average fourfold. These experiments led to the conclusion that ventilation of 
the lungs for the first time after birth leads to a decrease of pulmonary 
vascular resistance. This is an idea which has often been discussed during the 
last three hundred years but has not been tested by direct experiment. In 
order to obtain a direct estimate of pulmonary vascular resistance it is 
necessary to measure the quantity of blood flowing through a pulmonary 
artery per minute and also the pulmonary arterial and left atrial pressures. 
This paper gives an account of such measurements, from which it is concluded 
that positive pressure ventilation of the foetal lungs after birth causes an 
immediate and dramatic decrease of pulmonary vascular resistance, which 
must be one of the principal factors in the neonatal changes in the circulation. 
A brief report of some of these observations has already been given (Dawes, 
Mott, Widdicombe & Wyatt, 1952). 


METHODS 


Twenty Welsh ewes were used, whose duration of pregnancy was known, and three Hampshire- 
Clun Forest ewes (the maternal grandam of the lamb being Clun Forest) whose date of tupping 
was not known, but which were in a very advanced state of pregnancy. The weight of the Welsh 
ewes ranged from 22-33 kg and that of the Hampshire-Clun Forest ewes from 70-85 kg. They were 
anaesthetized by slow injection of ‘dial-urethane’ (diallyl-barbituric acid 0-1 g, urethane 0-4 g/ml.) 
into the external jugular vein. At first a dose of 0-5 ml./kg was used, but further experience showed 
that 0-2-0-35 ml./kg was sufficient to keep the ewe and lamb lightly anaesthetized. 
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The ewe was laid on ite right side, the trachea was cannulated to provide a good airway, and the 
left carotid arterial blood pressure was recorded continuously with a mercury manometer on 
a kymograph. The uterus was then partially delivered through a lower abdominal midline incision 
and the head of the foetus located. A rubber bag filled with warm saline was pushed over the foetal 
head immediately after delivery, in order to prevent inspiration of air. The lamb was laid on its 
back on a metal plate 3} in. above the level of the table on which the ewe rested, so that the lamb, 
the umbilical cord and the ewe’s abdominal incision were as nearly as possible in the same hori- 
zontal plane, There was thus no tension on the umbilical cord, which was surrounded by warm 
moist saline pads. The metal plate was warmed and was slotted to take uprights which supported 
the condenser manometer gauge heads and the flowmeter. 

The left femoral artery of the lamb was dissected at once after delivery and a short length of 
polythene tubing attached to a condenser manometer was introduced for a few centimetres. The 
systemic arterial blood pressure was thenceforward under continuous observation and was re- 
corded intermittently until the end of the experiment. The trachea was dissected and a cannula 
filled with warm saline and having two closed side-arms was inserted without allowing air to 
enter. The chest was then opened by splitting the sternum along the midline, and by cutting 
between the fourth and fifth ribs on the left side. The pericardium was opened and tethered to 
pericardium, and a loop of thick thread was placed around 
the ductus arteriosus. Heparin (10 mg/kg or more) was 
injected through a cannula in the left femoral vein. The left 
pulmonary artery was ligated and cannulae connected by 
a Portex tube filled with warm saline were tied into the 
peripheral and central ends in that order. Flow through 
the left pulmonary artery was restored within 2-5 min of 
tying it. A polythene tube connected to a condenser 
manometer was then introduced into the cavity of the left 
atrium through an incision in the tip of the left auricular 
appendage. Flow through the left pulmonary artery was 
interrupted again for a few moments to insert a flowmeter, 
and a third condenser manometer was attached to the 
polythene tube leading from the central end of the left 
pulmonary artery just where it entered the flowmeter 
(Fig. 1). Fine polythene tubes were passed into the central _'e* beneath and is concealed by 
ends of the right femoral and left carotid arteries in order *“€ Pulmonary trunk and ductus 
to take blood samples. Blood samples from the left  ***eticeus. 

artery were taken from the tube leading to the flowmeter. 

The principal difficulty in the preparation was the insertion of the cannulae into the left pul- 
monary artery, of which there is only a short length between the main pulmonary trunk and the 
origin of the branch to the left upper lobe. In the foetus the virtual separation of the internal and 
external coats of the left pulmonary artery into two concentric tubes makes it difficult to insert 
a cannula without producing a valve; this was the main cause of failure in early experiments. An 
attempt was always made to use cannulae which were as wide as possible. We cannot exclude the 
possibility that the insertion of the peripheral cannula to some extent interfered with the flow of 
blood through those pulmonary arterial branches which leave the main trunk immediately beyond 
the pericardium, though this cannula was always orientated so as to obtain the greatest rate of 
flow. 

The density flowmeter used was of the type described by Dawes, Mott & Vane (1953). The time 
required for a fixed volume of fluid to pass through was recorded intermittently by a Gaddum drop- 
timer (Gaddum & Kwiatkowski, 1938) on a kymograph. The flowmeter was filled with either saline 
or Dextran before insertion into the left pulmonary artery. The plastic connecting tubes were 
each from 15 to 20 cm long and of 3 mm internal diameter. The pressure drop across the flowmeter 
and tubes was not more than 3 mm Hg at a flow of 15 ml./min. The total volume of fluid required 
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to fill the flowmeter and tubes was 10 ml. In the majority of experiments no special precautions 
were taken to avoid heat loss in the flowmeter, other than the close proximity of a 100 W lamp 
bulb. In lambs nos. 6 and 14 a flowmeter was used in which the temperature of the surrounding 
air was thermostatically regulated to within 0-5° C; the temperature of the out-flowing blood was 
38-5-39° C. | 

The dimensions of the stiff plastic tubes attached to the condenser manometers were such that 
the damped natural frequencies of the instruments were considerably higher than the funda- 
mental frequencies of the pressure waves to be measured. In a typical experiment, the natural 
frequencies of the femoral, pulmonary, and left atrial manometers were, respectively, 125, 500 
and 100 o/s. The left atrial manometer was insufficiently damped, with the result that free oscilla- 
tions of appreciable amplitude occurred on some occasions. The selection of suitable cannulae was 
determined also by surgical considerations. The pressure records were displayed on two double- 
beam cathode-ray tubes of which short photographic records were taken at }, 1 or 2 min intervals, 
depending on the stage of the experiment. The time of each exposure was recorded on the kymo- 
graph tracing (see Fig. 2) for synchronization with the flow record, blood pressure of the ewe, blood 
samples and other experimental observations and procedures. Each pressure was also displayed 
on a meter reading directly in mm Hg. The periods of the meters were such that only the mean 
pressure was recorded in this way. The readings of these meters were plotted at 4 min intervals in 
order to guide the conduct of the experiment. The sensitivity of the condenser manometers did 
not change perceptibly during experiments or even appreciably from week to week, but there was 
a substantial drift in base-line due to temperature changes in the electronic apparatus and in the 
gauge head. For this reason readings of atmospheric pressure were taken on each manometer at 
intervals of not more than 10 min throughout all experiments. The pressure records were measured 
with a travelling microscope and, with the necessary corrections applied, are estimated to have 
a possible absolute error of + 4 mm Hg and a possible relative error (as between individual records 
in any one experiment) of +3 mm Hg in the pulmonary and femoral records, and of +2 and 
+1 mm Hg respectively in the left atrial record. The probable errors are approximately one-half 
these amounts. | | 

When the preparation had been completed and an adequate time allowed for preliminary 
observations, the clips were removed from the side-tubes of the tracheal cannula, which was 
drained of saline and aspirated by a water pump. The lungs were ventilated by positive pressure 
from a Palmer respiration pump at a frequency of 18 per min, and the intratracheal pressure 
recorded by a critically damped mercury manometer on a kymograph. The tidal air was calcu- 
lated from the intratracheal pressure, the stroke-volume of the respiration pump and the dimen- 
sions of the pump and connecting-tubes. The expansion of the rubber tubes in the system was 
measured at various pressures and due allowance made for this in calculating the tidal air. It is 
estimated that the maximal error is +4 ml., and this is borne out by a direct experiment in which 
the lungs were replaced by a rubber bag whose volume changes were measured by a plethysmo- 
graph. No allowance was made for the change in residual air with progressive expansion of the 
lungs, but as the total volume of the system, including the tracheal cannula, was approximately 
1 1, an increase of 50 ml. in the residual air would only lead to an over-estimate in the tidal air of 
less than 5%. 

At various times during an experiment blood samples of 0-5 ml. were withdrawn from one or 
more arteries as described above. The blood was mixed in the sampling syringe with a trace of 
heparin (20%) and sodium fluoride (4%) and the syringes immediately placed in an ice-water 
mixture in a vacuum flask. This procedure was effective in inhibiting aerobic respiration in the 
blood corpuscles, an important consideration with foetal blood since a high proportion of the red 
blood cells are nucleated. It was found that the blood could be stored for at least 24 hr without 
@ measurable decrease in its oxygen content, although in practice all blood gas estimations were 
made within 12 hr of the experiment. Each sample was analysed for oxygen content using the 
micro-method of Roughton & Scholander (1943). Oxygen capacities were determined after 
saturating samples of blood with oxygen; the values obtained agreed well with those found by 
Barcroft (1946), and there was no appreciable change in the oxygen capacity of a lamb’s blood 
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during the course of any experiment. Repeated determinations of oxygen content were made on 
most of the blood samples and an acouracy of +0-1 ml. oxygen/100 ml. blood has been assumed ' 
in calculating the possible error in the estimations of percentage flow down the ductus arteriosus. 
Results have been expressed as the percentage saturation of the blood with oxygen. Oxygen 
tensions could have been measured only at the cost of taking considerably larger samples of blood. 


RESULTS 
Artificial positive pressure ventilation of the foetal lungs with air, oxygen or 
nitrogen always caused a great increase in the volume of blood flowing each 
minute through the left pulmonary artery. Before describing this change in 
detail an account must be given of the condition of the foetus. 

The femoral arterial blood pressure was recorded from within 2 or 3 min of 
delivery for the duration of the experiment. The initial values of from 92/74 to 
57/45 mm Hg lie within the range to be expected. During the dissection and | 
insertion of cannulae and manometers, which lasted on an average 57 min 
from the time of delivery (51-65 min), there was a fall of femoral arterial blood 
pressure of 11% (2-24%). When the preparation had been completed we 
waited on an average 11 min (6-19 min) so that an adequate number of 
observations might be made before ventilation began. During this control 
period the femoral arterial pressure fell by 3°, the pulmonary arterial pressure > 
by 8% and flow in the left pulmonary artery was reduced by 28°, (means of 
all observations). Changes in left atrial pressure and heart rate varied con- 
siderably in either direction with no consistent deviation from the initial 
value. We had the impression that the lambs were in as good a condition as 
could be expected, and this was confirmed by the blood oxygen saturations 
given in Table 3. The carotid blood pressures of the ewes were between 130 and 
90 mm Hg for the duration of the experiment except for nos. 4 and 7. These 
two sheep received injections of methedrine, saline and dextran in a moder- I 
ately successful effort to sustain their blood pressure, which, however, fell 
occasionally as low as 35 mm Hg, This may account for the exceptionally low 
blood oxygen percentage saturation of lamb no. 4 before ventilation. 

At the end of the control period the tracheal cannula was opened and the 
fluid therein aspirated through a thin polythene tube passed as far as possible ; 
down the trachea. In this way the fluid in the trachea and bronchi was 
replaced by air; this procedure had little or no effect on pulmonary arterial 
blood pressure or flow. The tracheal cannula was then connected to the 
respiration pump and manometer, and positive pressure ventilation was 
begun. Within the first two or three breaths there was a perceptible increase in 
the amount of blood flowing down the left pulmonary artery, sometimes as 
much as 20% (Fig. 2). The pulmonary blood flow increased very rapidly during 
the next minute, and then more slowly. It continued to increase in some lambs 
up to 20 min after ventilation had begun, though usually a steady state was 
reached after 5-10 min. The change was dramatic; the pulmonary blood flow 
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in those lambs which were 130 days old or more (full-term being about 147 
days) became 3-10 times greater than that observed during the control 
period before ventilation. This was the more striking because in almost all 
lambs the flow down the left pulmonary artery had become less during the 
control period. This great increase in pulmonary blood flow was accompanied 
by a fall in pulmonary and femoral arterial pressures (Fig. 3), which usually 
did not exceed 10-15 mm Hg; this fall of pressure was usually somewhat 
greater in the pulmonary artery than in the femoral artery. At the same time 


Fig. 2. Lamb no, 6, delivered by caesarian section. Records of the rate of blood flow through the 
left pulmonary artery and of intratracheal pressure in the lamb, and of maternal blood 
pressure, At the signal mark the trachea was drained of fluid and positive pressure artificial 
ventilation with air was begun. It caused a great increase in pulmonary blood flow. 


there was a tendency for the left atrial pressure to rise; Fig. 3 shows a particu- 
larly striking example of this rise. Similar rises of 50-300% in left atrial 
pressure were seen in five other lambs in which a large increase of pulmonary 
blood flow oceurred on ventilation. In the remainder of the lambs there was 
also a tendency for the left atrial pressure to rise but the change was not 
great. The left atrial pressure was recorded from a polythene tube introduced 
through the left auricular appendage, and the movements of the heart against 
this tube undoubtedly sometimes produced artifacts in the record. We would 
not like therefore to emphasize too strongly the correlation between increase in 
pulmonary blood flow and rise in left atrial pressure. The onset of ventilation 
was not accompanied by any consistent changes in heart rate. 
PH. OXXI. 10 
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An estimate has been made of the change in pulmonary vascular resistance 
on ventilation. The mean pressure difference across the lungs was calculated 
by subtracting the mean left atrial pressure (average of systolic and diastolic) 
and the calculated pressure drop across the flowmeter from the mean left 
pulmonary arterial pressure. This mean pulmonary pressure difference 


100 


Minutes after delivery 


Fig. 3. Lamb no. 6, delivered by caesarian section (see also Fig. 6). Records of blood pressure, 
pulmonary blood flow, pulmonary vascular resistance, and oxygen saturation of carotid 
blood samples. Artificial positive pressure ventilation of the lungs caused a great decrease in 
pulmonary vascular resistance. Twelve minutes later temporary occlusion of the ductus 
arteriosus (D.0.) caused a rise in femoral pressure and a fall in pulmonary pressure and flow, 
showing that blood had been flowing from the aorta into the pulmonary trunk. 
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(mm Hg) was divided by the mean rate of left pulmonary arterial flow 
(ml./min) to give an index of vascular resistance. Table 1 shows that there is 
' @ very substantial reduction in pulmonary vascular resistance on ventilation 
with air, oxygen or nitrogen. In lambs weighing more than 2-3 kg (older than 
130 days) this amounted to a decrease of from 50 to 91%. The number of 
- animals was too small to allow any conclusion as to whether this decrease is 
greaterin mature than in premature lambs. But it is perhaps worth noting 
that in the smallest lambs, nos. 11 and 12, the alterations in pulmonary 
vascular resistance were comparatively small. There is no correlation between 
weight and either the pulmonary blood flow or the resistance before ventila- 
tion, but on the whole the greater the initial flow (and so the lower the 
vascular resistance) the less is the percentage change in resistance on venti- 
lation. 


Tastz 1. Change of pulmonary vascular resistance on ventilation of foetal lambs 


Pulmonary vascular 
resistance, 
mm Hg~+ ml./min 
Flow before - A 
Lamb Age Wt. Ventilated Before 10 min 
no. Breed (days) (kg) with (ml/min) ventilation 
1 H — 5-7 = 17-2 3-0 0-70 
2 W 187 3405 A 19-4 1-7 0-44 
3. 135 3-0 N; 16 3-3 0-8 
4 W 141 29 =A: O, after 5 min 8-2 1-7 0-20 
5 W ll 40 0-86 
Air 21 2-3 0-13 
7 WwW 134 235 Air, then O, 31 15 0-75 
8s 130 0, 9-3 3-1 0-29 
9 122 2-1 0, 16-1 2-5 0-20 
1 WwW 120 1-9 0, 8-1 41 0-76 
121 1-5 0, 31-5 0-9 0-57 
12 W lll 1-1 Air, then 0, 28 1-2 0-97 
13 W 134 2-95 22-5 16 0-88 
14 H -= 2-9 13-9 3-0 1-2 
1 W 134 235 Air and O, 12-0 2-3 3-3 


The lambs are arranged in order of descending weight, apart from nos. 13-15 which had their 
lungs distended with saline before ventilation with a gas. Distension with saline increased 


W, Welsh; H, Hampshire: maternal grandam Clun Forest. 


The changes in pulmonary blood flow, pressure and vascular resistance 
appeared to be much the same whether the lamb was ventilated with air, 
oxygen or nitrogen (Table 1). In the latter instance, the fluid in the trachea 
was replaced by nitrogen and a closed circuit system was used, so that gaseous 
exchange between the lamb and the system would be reduced to a minimum. 
When a lamb was ventilated with nitrogen first and a steady state had been 
reached, subsequent ventilation with oxygen produced no further change in 
pulmonary blood flow or vascular resistance. Fig. 4 illustrates one of three 
experiments in which this observation was made. During — 
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nitrogen, the placental circulation was intact and the animal was in good 
condition. From these observations it is clear that it is ventilation with a gas, 
rather than any particular gas mixture, which causes a reduction in pulmonary 
vascular resistance. 


Femoral art. 


i 
70 0. 90 100 110 
Minutes after delivery 
Fig. 4. Lamb no. 3, delivered by caesarian section. Records of blood pressure, pulmonary biood 
flow and pulmonary vascular resistance. Positive pressure ventilation with nitrogen caused 
a decrease in pulmonary vascular resistance. Subsequent ventilation with oxygen caused 
little or no further change. The first time the ductus arteriosus was occluded (p.0. 1), pul- 
monary arterial pressure rose and femoral pressure fell; blood was therefore flowing from 
pulmonary artery to aorta. The third time the ductus was occluded (p.0. 3), the pressure 
changes and the direction of flow were reversed. Late in the experiment an increase in the 
ventilation pump stroke from 75 to 125 ml. caused a substantial fall im femoral and pul- 
monary arterial pressures (the peak intratracheal pressure rose from 21 to.34 mm Hg). 
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In two experiments 30 ml. nitrogen were introduced through the trachea, 
from which the fiuid had been removed under a stream of nitrogen, and were 
left there for a few minutes. There was a small increase of flow down the left 


pulmonary artery (up to about 15%), and a small fall in pulmonary arterial 
pressure. In one of these experiments, from which part of the kymograph 


A 8 c D 100 mi. 

Pump stroke 
Fig. 5. Lamb no. 5, delivered by caesarian section. Records of left pulmonary arterial flow and 
intratracheal pressure. At A the trachea was drained of fluid in an atmosphere of nitrogen. 
At B and OC 30 ml. nitrogen were introduced into the trachea for not more than 2 min on 
each occasion, At D the lungs were fully inflated with nitrogen under a high pressure and 
then immediately deflated to atmospheric pressure; there was a dramatic increase in pul- 
monary flow. Seven minutes later artificial positive pressure ventilation was begun using 
a closed circuit filled with nitrogen. The umbilical cord was intact throughout the experiment. 


record is shown in Fig. 5, the lungs were then suddenly over-inflated with 
nitrogen. During this short period of distension pulmonary flow almost 
stopped. When the trachea was opened to atmospheric pressure and the lungs 
collapsed, flow instantly increased almost fourfold (from 13-4 to 48 ml./min), 
with an equivalent reduction in pulmonary vascular resistance. Nothing 
. further was done to the lamb for another 6} min; during this period the 
pulmonary flow reached a peak value of 63 ml./min and then slowly declined 
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to 33 ml./min, at which time closed circuit ventilation with nitrogen was 
begun and flow returned to the peak value. It is interesting that a single, 
admittedly excessive, inflation can produce such a dramatic and sustained 
reduction in pulmonary vascular resistance, from an initial value of 5-6 to 
& minimum of 0-9 mm Hg/ml./min. 

Distension of the lungs with saline. In three lambs (nos. 13, 14 and 15) the 
lungs were distended with saline before aspiration of the trachea or ventilation 
with a gas. Introduction of 20-50 ml. of saline caused a decrease of pul- 
monary flow which was sometimes very considerable (50-100%). The intra- 
tracheal pressure was not raised by more than about 5mm Hg. Pulmonary 
arterial pressure and femoral arterial pressure fell by 5-15 mm Hg and there 
was little change in left atrial pressure; pulmonary vascular resistance in- 
creased. These observations show that distension of the lungs by a liquid has 
the opposite effect to that seen with a gas. 

The subsequent history of these three lambs is also interesting. After their 
lungs had been distended with saline, their tracheae were drained of fluid (all 
that which had been injected was recovered and more) and ventilation with 
air or oxygen was begun. In all three this caused some increase in left 
pulmonary arterial blood flow. In no. 15 there was no reduction of pulmonary 
vascular resistance and no. 13 showed a reduction smaller than was to be 
expected (Table 1). In no. 14 there was a considerable reduction in pulmonary 
vascular resistance, but this was less than that seen in its twin, no. 6. We have 
the impression that distension of the lungs with saline reduced the normal 
pulmonary vascular change on subsequent ventilation with air or oxygen. 

Effect of tying the umbilical cord. The umbilical cord was not tied in any of 
these experiments until a mean of 7 min (range 2~14 min) after ventilation 
with air or oxygen had begun. Only a limited number of pregnant ewes were 
available, and to have tied the cord before ventilation had begun in some 
lambs would have introduced yet another variable in a series of experiments 
already sufficiently complicated. When the cord was tied there was a rise in 
mean femoral arterial pressure (in all the lambs) of 19% (4-46%, Figs. 3 
and 4). The latter led to an increase in the pressure difference across the lungs 
and hence to an increase in left pulmonary arterial blood flow of 12% (0-28%). 
(Figs. 3 and 4 were chosen for other reasons and do not show the latter change, 
which was obvious in other lambs.) There was no significant change of pul- 
monary vascular resistance in any experiment. 

Ventilation volumes and pressures 

The intratracheal pressure was recorded directly during ventilation, and the 

tidal air calculated from the respiration pump-stroke and intratracheal 


pressure as described under Methods. At the beginning of these experiments 
we had no quantitative information to guide us as to the pressures required to 
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inflate the foetal lung with ‘physiological’ volumes of tidal air. We therefore 
increased the stroke of the respiration pump until the lungs were reasonably 
distended in the thoracic cage as judged by direct observation. We could then 
see on the surface of the lung areas which over the next few minutes gradually 
became filled with gas. The pressures required to produce this degree of 
inflation were very substantially greater than those required for adequate 
ventilation of adult mammalian lung. 

It is impossible to give comprehensive figures for the relationship between 
pressure and volume of tidal air in the neonatal lamb, because first, as might © 
be expected, the tidal air is greater for a given pressure in lambs of greater 
weight, and secondly because the relation between pressure and tidal air 
varied progressively in every lamb during the period of observation, up to an 
hour or more after beginning ventilation. Some representative figures for 
tidal air and intratracheal pressure (taken some 30-60 min after ventilation 
has begun) in lambs of different weights are given in Table 2. The low tidal air 


Tastz 2. To show the relation between and volume of inflation 

in lambs of different weights, 30-60 min ventilation 

Intratracheal Intratracheal 
Lamb Weight Tidal 

no. (kg) Foams Hg) (ml.) (mm Hg) (ml.) 
3 3-0 16 26 4l 
6 2-6 18 23 23 47 
i) 2-1 12 23 21 36 
ll 15 20 19 29 25 
12 1-1 23 ll 39 35 
Lamb born spontaneously 3—4 hr old 

16 12 21 18 35 


and relatively high intratracheal pressure in a very premature lamb no. 12 
(age 111 days) is particularly noticeable. In all the lambs, while the stroke 
volume of the respiration pump was unchanged, tidal air increased and intra- 
tracheal pressure diminished progressively. Fig. 6 illustrates this phenomenon 
for the first quarter of an hour after ventilation began in lamb no. 6, a fairly 
typical experiment in this respect. The change was usually greatest within the 
first 5-10 min of ventilation; thereafter it became progressively slower. 
Inflation with higher pressures in the early stages of ventilation accelerates 
this process. In most experiments, by varying the stroke of the respiration 
pump, we were able to examine the relationship between intratracheal 
pressure and tidal air, and found that this was approximately linear. If we 
assume that there is a direct relationship between inflating pressure and tidal 
air, the resistance to inflation of the lungs may be calculated. During the first 
quarter of an hour after ventilation the resistance to inflation in lamb no. 6 
decreased nearly threefold, and this is the period over which the great decrease 
of pulmonary vascular resistance occurs. 
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We had two opportunities to examine the respiratory movements of lambs 
breathing naturally, as a basis for comparison with the artificial positive 
pressure ventilation used in these experiments. On one occasion @ ewe died 
during anaesthesia and one of its twin lambs, delivered by immediate caesarian 
section, was induced to breathe spontaneously. The intrapleural pressure as 
measured by a condenser manometer fell to more than 30 mm Hg below atmos- 
pheric pressure during deep inspiration; the breathing of the lamb at this 
time, 10-20 min after delivery, was periodic in character. The second lamb had 
been born naturally some 3-4 hr before measurements were begun. Under 
local anaesthesia the intrapleural pressure at the peak of inspiration was less 
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Fig. 6. Lamb no. 6 (see also Figs. 2 and 3). Records of intratracheal pressure, calculated tidal air 
and (positive pressure) respiration pump-stroke. The resistance to pulmonary inflation, 
begun 70} min after delivery, decreases, at first very rapidly and then more slowly. 


than 10 mm Hg below atmospheric pressure, and the respiratory rate 50 per 
min and regular. The lamb was then lightly anaesthetized with dial-urethane 
and its tidal air measured in a body plethysmograph (74-9 ml., with a minute 
volume of 390-430 ml.). The chest was then opened under positive pressure 
ventilation, the intratracheal pressure measured, and the tidal air calculated ; 
these figures are included in Table 2. They confirm the conclusion that there is 
@ progressive diminution of the resistance to inflation after birth. The left 
pulmonary arterial blood flow in this lamb was 20-30 ml./min. 

There are two further series of observations which show that the inflation 
volumes which we used were adequate but not excessive. On a number of 
occasions we raised the respiration pump-stroke volume substantially for 
a short while so that the lungs were over-inflated as judged by direct observa- 
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tion. This over-inflation caused a fall of femoral and pulmonary arterial blood 
pressure, usually accompanied by a decrease in pulmonary blood flow (Fig. 5). 
There was no consistent change in pulmonary vascular resistance. These 
effects were a useful guide to the upper limit to which the lungs might normally 
be inflated. 

Table 3 shows the percentage saturation of the carotid blood with oxygen 
before and after ventilation with air or oxygen. It will be seen that except for 
lambs nos. 11 and 15 there was a rise, often very great, in blood oxygen satura- 
tion. No. 11 was one of the smallest lambs, with a weight of only 1-5 kg. The 
change in its pulmonary vascular resistance on ventilation was small (Table 1). 
When its umbilical cord was tied its condition began to deteriorate rapidly, both 


Tas 3, Effect of ventilation on percentage saturation with O, of carotid arterial blood 


Carotid % O, saturation 

Lamb Before After Duration in minutes, 
no. ventilation ventilation and type of ventilation 

1 34 77 18, O, 

2 61 89 4-5, air and O, 

3 87 93 15, O, 

4 19 61 26, O, 

5 54 86 7, O, 

6 35 79 7, air 

8 39 77 4,0, 

9 56 7, O, 

10 34 69 » O, 

ll 33 34 air 

13 33 93 12, O, 

14 37 56 7, air 

15* 82 24 10}, O, 

* This lamb had been ‘ventilated’ with saline (as had 13 and 14); it was the only animal in 
which the pulmonary vascular resistance did not (Table 1). 


femoral and pulmonary arterial pressures diminished and the carotid oxygen 
percentage saturation 3} min later had fallen to less than 10%. These obser- 
vations suggest that the lamb was principally dependent on its placental 
circulation for oxygenated blood, and that in spite of ventilation its lungs were 
not functioning adequately. The smallest lamb (no. 12, wt. 1-1 kg) behaved in 
the same way. On ventilation there was no significant change in pulmonary 
blood flow, and on tying the umbilical cord the percentage oxygen saturation 
of the pulmonary arterial blood fell within 2 min from 49 to 16% (carotid 
samples were not taken from this lamb). 


Blood flow through the ductus arteriosus 
Before ventilation was begun or the umbilical cord tied blood samples were 
taken simultaneously from the carotid, femoral and pulmonary arteries. The 
values observed are given in Table 4, which shows, in confirmation of earlier 
observations by Barcroft (1946), that the femoral arterial oxygen saturation is 
significantly. lower than that of the carotid artery. In addition, the deter- 
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mination of the pulmonary arterial oxygen saturation, which, as expected, is 
lower ‘still, allowed us to calculate that about half (29-80%) of the total ; 


aortic blood flow comes directly from the right side of the heart and passes 


through the ductus arteriosus. As these estimations are based on the deter- 
mination of the quantity of oxygen contained in three samples of blood, each 
with its own error of assay, the final figure has sometimes rather a large 
possible error. 

During the dissection a loop of string had been passed around the ductus. | 


This loop was carefully pulled tight through a soft polythene tube to occlude } 


the ductus on various occasions during many experiments. Temporary 
occlusion of the ductus before ventilation was begun caused a fall in femoral 
arterial pressure (as much as 30%, systolic and diastolic), with no change or 

a slight diminution of pulse pressure and a reduction in the rate of rise of the : 
pulse pressure wave. The pulmonary arterial pressure was much increased 


Tasxe 4. Simultaneous determination of percentage saturation with oxygen of 
arterial blood 


carotid, femoral and pulmonary 
Deduced percent- 
% O, saturation in age of total 
A aortic flow 
Lamb Carotid Femoral Pulmonary coming through 
no. artery artery artery ductus arteriosus 
1 34 2 21 62+ 9 
2 61 9 | 36 40+ 5 
3 87 82 70 29+ 9 
5 54 45 4l 70+ 9 
6 35 26 18 53+ 7 
8 39 37 33 33+ 20 
9 6 52 45 44+11 
13 33 31 27 33+ 7 
14 37 29 27 80+ 12-5 
15 82 68 53 48+ 5 


(systolic 50-75%, diastolic 10-40%), the pulse pressure increased, and the 1 
rate of rise of the pulse pressure wave also increased (Fig. 7). There was as 
a result a large rise in pulmonary blood flow (Fig. 8), and a small rise in left 
atrial pressure. All these observations are consistent with a large volume flow 
of blood from the pulmonary trunk through the ductus. 

Occlusion of the ductus arteriosus after ventilation in these experiments 
caused different effects according to the time which had elapsed since ventila- 
tion was begun. In the first few minutes it was usual to find that occlusion 
caused a similar series of changes to those seen before ventilation, but reduced 
in size. Next we encountered on two occasions an intermediate stage in which 
occlusion had no effect on pulmonary blood flow, caused an increase in pul- 
monary arterial pulse pressure, but no change in mean pulmonary or femora! 
arterial pressures. In the same experiments, occlusion of the ductus a few 
minutes later caused a reduction in pulmonary blood flow, a fall in pulmonary 
arterial pressure (the pulse pressure being unchanged or somewhat increased) 
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and a rise in femoral arterial pressure (Figs. 7 and 8). The implication of the 
latter observations is that flow is proceeding through the ductus arteriosus, 
from thoracic.aorta to pulmonary trunk, in a direction opposite to that ob- 
taining in the foetal state, before ventilation. | 

That this is the correct interpretation is shown by the observations as- 
sembled in Table 5. This table records the oxygen saturation of the carotid 
blood, and that of the pulmonary blood before, during and after occlusion of 
the ductus over a period of up to 1 min. There is a striking fall in the oxygen 
saturation of the pulmonary blood during occlusion of the ductus, and in fact 
on the first occasion on which we observed this phenomenon, the change in 
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Fig. 7. Lamb no. 9. Condenser manometer records of blood pressure in the left femoral artery 
(F), left pulmonary artery (P) and left atrium (A). Time marks are 7; seo with a gap once 
a second. The upper record shows the effect on the pulse contours of temporary occlusion of 
the ductus arteriosus (during the signal mark) before ventilation of the lungs. The lower 
record shows the effect of occluding the ductus arteriosus 15} min after ventilation was 
begun. The abrupt oscillations in the pulmonary arterial pressure records are caused by the 
operation of the flowmeter. 


colour of the blood in the polythene tube leading from the central end of the 
left pulmonary artery to the flowmeter was arresting. We then confirmed the 
conclusion that retrograde flow was taking place through the ductus by in- 
jecting indian ink into the cavity of the left ventricle, whence it was at once 
carried down the thoracic aorta and into the lungs in less than 2 sec. Table 5 
shows that on the four occasions on which we carried out the necessary esti- 
mations 40-68 % of the total pulmonary blood flow was derived from the left 
heart, passing down the thoracic aorta and through the ductus arteriosus. 
Retrograde flow from aorta to pulmonary trunk through the ductus arteri- 
osus was observed on each of the ten lambs in which it was sought, some time 
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Min 


Fig. 8. Lamb no. 9. Chart to show the relative changes in left femoral and pulmonary arterial 
pressures, and in left pulmonary arterial blood flow, during temporary occlusion of the ductus 


_ after ventilation has begun, blood begins to flow from the aorta to the pulmonary trunk 
through the ductus arteriosus. 


Tasiz 5. Flow from aorta to artery through the ductus arteriosus 
as indicated by in blood oxygen saturation 
% O, saturation of blood from Deduced % of total 
. Pulmonary artery flow which comes 
Time from aorta 
after Before During c A 
no. (min) artery occlusion occlusion 
3 24 93 71 51 68 4845 40+5 
5 36 86 77 65 74 57+5 4345 
8 25 70 65 57-5 —_— 60+9 — 
13 20 93 81 56 76 68+3 5443 


arteriosus before and after ventilation of the lungs. These changes show that a short while _ 
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after ventilation was begun. Table 6 gives a summary of these observations. 
It should perhaps be explained that the experiments were not primarily 
designed to find the time at which reversal occurred, which accounts for the 
rather scattered observations on this point. Nevertheless, this table does 
suggest that reversal normally occurred in these experiments from 5 to 15 min 
after ventilation had begun. There are a number of other points which a closer 
scrutiny of individual experiments reveals. Reversal of flow down the ductus 
arteriosus occurred in lamb no. 2 during ventilation with nitrogen only. In 
lambs nos. 2, 5 and 8 reversal of flow occurred before the umbilical cord had 
been tied, in lambs nos. 3 and 9 it is probable that it did so; in the remainder 
there is not sufficient evidence on which to judge. 

In none of these experiments was there any evidence of closure of the ductus 
arteriosus. It might at first be thought that closure had occurred at those two 
points indicated in Table 6 at which occlusion of the ductus caused no altera- 
tion in pulmonary blood flow. This is not, however, the correct conclusion. On 
these occasions tightening the loop around the ductus arteriosus gave the 
usual sensation of compressing a patent vessel against a resistance, and sub- 
sequently there was no doubt that voluminous flow proceeded in a retrograde 
Jirecti | 


TaBiz 6. Reversal of flow the ductus arteriosus as indicated 
by changes in pressure flow on temporary occlusion | 
Minutes after ventilation was begun 
Lamb " Flow No flow Flow Cord 
P.A.>aorta either way = 
3 10 16 25-40 20 
6 13-27 9 
7 1} — 17 2 
9 44 
13 5 -- 18 of 
14 10-13 
15 — — 9 7 


It will perhaps not have escaped notice in Figs, 3 and 4 that the pressure 
measured in the femoral artery was always higher than that in the left 
pulmonary artery, even before ventilation, when blood was flowing down the 
ductus arteriosus from pulmonary artery to aorta. This difference is partly but 
not entirely explained by the pressure drop along the polythene tube between 
the origin of the left pulmonary artery and the point at which the lateral 
pressure was measured, a distance of some 15-20 cm. When the rate of blood 
flow was 10-15 ml./min the pressure drop was about 1 mm Hg. This is not 
sufficient to explain the discrepancy, nor indeed would we expect it to do so 
since @ similar discrepancy was observed when the lateral pressure was 
measured in the pulmonary trunk itself (Ardran e al. 1952). It may be 
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due to the presence of reflected waves in the femoral pulse (Hamilton & Dow, 
1939; Hamilton, 1944). 

After ventilation the difference between the left pulmonary and femoral 
arterial pressures as we measured them increased in most experiments. Part 
of this increase can certainly be ascribed to the increased pressure drop 
between pulmonary trunk and left pulmonary arterial manometer. The 
remainder may be due to a change in the pulse shape as measured by the 
femoral manometer. 


DISCUSSION 


The experimental observations which have been described confirm the hypo- 
thesis that expansion of the foetal lungs by positive pressure ventilation 
caused a great decrease in the resistance to blood flow through the lungs. The 
figures given in Table 1 show that pulmonary vascular resistance in eight 
lambs of from 130 to 141 days old fell to 21-5% (9-50%) of the initial value. 
We have taken as an arbitrary index of vascular resistance the quotient of the 
pressure difference and flow. We do not know if there is a linear relationship 
between pressure and flow through the neonatal lung. It is likely that this 
relationship is not linear, since when the ductus arteriosus is temporarily 
occluded before ventilation has begun the pulmonary arterial pressure rises, 
but the left pulmonary arterial flow increases more in proportion, and the 
pulmonary vascular resistance as calculated above appears to decrease (as 
much as 15-35%). Such a decrease would be expected if the vascular tissue 
of the lung behaved in an elastic fashion. The converse has occasionally been 
seen; Fig. 3 shows an example of an increase in pulmonary vascular resistance 
as the pulmonary arterial pressure falls on temporary occlusion of the ductus 
arteriosus after ventilation. Under the conditions of our experiments, when 
ventilation was begun, the pulmonary blood flow increased at a time when the 
pressure across the lungs was reduced, therefore if the pulmonary vessels do 
behave in an elastic manner, the use of our index of vascular resistance leads 
to an underestimate of the relative change. 

There are two further questions which suggest iiniion What is the 
mechanism responsible for this change, and does it also occur in unanaesthe- 
tized animals which are breathing normally and which have not been submitted 
to a fairly severe surgical operation? These questions have not yet been 
answered by direct experiment. 

It is evident that the decrease in pulmonary vascular resistance is due to 
distension of the lungs with a gas, rather than any particular gas, since the 
same change was observed whether air, oxygen or nitrogen was used. Dis- 
tension of the lungs with saline actually increased the pulmonary vascular 
resistance, which shows that the operative factor is expansion of the lungs 
with a gas, rather than expansion per se. It also suggests that the explanation 
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of the decrease in pulmonary vascular resistance is more likely to be a direct 
mechanical effect upon the lung vessels, rather than through a nervous 
mechanism, which would presumably be equally excited by expansion of the 
lungs with saline. 

As to the second question, we think it is very probable that pulmonary 
vascular resistance does decrease in a normal new-born animal on spon- 
taneous breathing. The decrease seen in our experiments was large, the lambs 
were in satisfactory condition and it is difficult to see how the absence of light 
anaesthesia and the thoracic operation would have modified the result. It 
would of course have been desirable also to have used negative pressure 
ventilation, but in view of the additional difficulties involved in applying the 
method to a foetal lamb which is still connected to its mother by the umbilical 
cord, it was thought unwise to attempt so much at this stage of the investiga- 
tion. The observations of Barclay, Barcroft, Barron, Franklin & Prichard 
(1941) showed that in spontaneously breathing lambs, the pulmonary circula- 
tion time was much reduced below that observed before respiratory move- 
ments began. This change is certainly compatible with a decrease in pulmonary 
vascular resistance. Nevertheless, direct proof of the latter in a spontaneously 
breathing animal is still required. 

Pulmonary inflation pressures and tidal air 

It has already been explained that when we began these experiments we had 
no information available as a guide to the inflation pressures and volumes of 
tidal air which could reasonably be expected in the new-born lamb. We there- 
fore used the following criteria iri deciding whether the lungs were adequately 
but not excessively inflated: (1) The naked eye appearance of the lungs and the 
extent to which they filled the thoracic cage. (A mature new-born lamb is 
about the same weight and shape as an adult cat.) (2) The oxygen saturation 
of the carotid arterial blood. (3) The level of the systemic arterial blood 
pressure. During the course of the experiments we also had the opportunity of 
making measurements on two lambs which were breathing spontaneously. 
These measurements are in agreement with conclusions derived from observa- 
tions on lambs which were ventilated by positive pressure, that the pressure 
required to produce a given tidal air in the new-born is much greater than that 
in the adult animal, and that the resistance to inflation of the lungs rapidly 
falls towards the adult level during the first few hours after delivery. It will 
also be apparent that a systematic investigation of the phenomenon in a much 
larger series of spontaneously breathing animals will be required to give an 
accurate description of the normal time-course and magnitude of this change. 

There are several hypotheses, not mutually exclusive, which may be 
advanced to explain these findings. The alveoli, which are collapsed in the 
foetal state, may require a critical pressure to be applied before they will open. 
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Another explanation depends on the fact that when ventilation was begun the 
bronchioles and parts of the main bronchi were still full of fluid. This fluid 
offers a resistance to phasic inflation because of inertia, viscosity and surface 
tension forces acting at the air-liquid interface. As the fluid is removed by 
ot absorption the resistance to: inflation due to'sts ‘presence will 
also vanish. 

There are many other factors which may contribute to the change in 
resistance to inflation of the foetal lung. For instance we cannot ignore the 
possibility that the tone of the bronchial muscles may alter. We also cannot 
predict the quantitative effect of a change in the vascular capacity of the lung. 
An increase in pulmonary blood volume will not make much difference to the 
inertia of the lung tissue if we consider that the extra amount of blood is 
simply replacing amniotic fluid which formerly occupied the air-passages, but 
it might alter the elasticity of the lung. All these and perhaps many other 
changes will have to be considered before a complete explanation of the 
phenomenon is found. 


Reversal of flow through the ductus arteriosus 


In no lamb was the ductus arteriosus observed to close, Gaiden dhapetiod of 
observation of up to 14 hr after ventilation was begun and the umbilical cord 
tied. In all ten lambs in which the requisite observations were made it was 
found that some minutes after ventilation was begun, blood began to flow 
backwards through the ductus arteriosus, backwards that is to say from the 
foetal point of view, from aorta to pulmonary artery. It seems very likely that 
the fall in pulmonary vascular resistance is the principal cause of this altera- 
tion in the course of the neonatal circulation, but we have no quantitative 
information about the systemic arterial resistance, or the relative output of the 
right and left ventricles at this time. It may be observed that tying the 
umbilical cord will much increase the systemic arterial resistance and hence 
favour what we have arbitrarily described as a reversal of flow through the 
ductus arteriosus. But as can be seen from Table 6, reversal certainly occurred 
in three lambs before the cord was tied. 

The observation of reversal of spontaneous flow through the ductus 
arteriosus reinforces the conclusion drawn by Barclay, Franklin & Prichard 
(1944) that there is in the lamb no functional valve at the aortic end of the 
ductus arteriosus. The volume of this retrograde flow may be very large. It 
has been shown to constitute between 40 and 68%, of the total pulmonary 
blood flow in four lambs at a time from 20 to 36 min after ventilation was 
begun. This blood travels in a short path between left ventricle, aorta, ductus 
arteriosus, lungs, left atrium and left ventricle again. The effect of this is to 
increase both the pulmonary blood flow and the left cardiac output very 
substantially. If the transfer of oxygen and carbon dioxide across the cuuuel 
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walls is relatively inefficient, as it may well be in a lung which has only been 
partially expanded, the greater volume of blood flow may improve the rate of 
exchange, to such an extent that the increased work of the left heart is more 
than offset. 

The observation that blood started to flow backwards through the ductus 
arteriosus some minutes after ventilation had begun was surprising. The work 
of Barclay et al. (1944) and of Barcroft (1946) using cineangiographic methods 
had not led us to expect this. Both published the same cineradiograms (taken 
at a speed of 2-3 frames per sec) from which they inferred that backflow did 
not occur. The limits of accuracy of negative observations using this method 
are not known. 

In a previous series of experiments (Ardran et al. 1952) cineradiograms were 
taken at a speed of 25 frames per sec on nine lambs. These films have been re- 
examined in the light of our latest experiments and it was found that in two 
lambs of this series (nos. 5 and 8) retrograde flow certainly occurred. In lamb 
5 the chest was closed throughout the experiment, and in lamb 8 when 
reversed flow occurred the lateral pressure in the thoracic aorta (51/43) was 
greater than that in the pulmonary trunk (46/34). 

More evidence is required to determine the natural history of closure of the 
ductus arteriosus in the new-born lamb, and the effect on this process of 
operative procedures and anaesthesia. What has been demonstrated is that 
under certain conditions the ductus arteriosus does not close immediately after 
birth, and that, probably as a result of the profound decrease of pulmonary 
vascular resistance on expansion of the lungs, the direction of blood flow 
through the ductus arteriosus may be reversed. 7 


SUMMARY 


1. Lambs were delivered by caesarian section and the volume of blood 
flowing per minute through the left pulmonary artery was measured, together 
with the left pulmonary arterial pressure, the left atrial pressure and the 
femoral arterial pressure. 

2. Artificial positive pressure ventilation caused an immediate increase in 
the rate of left pulmonary arterial blood flow, due to a reduction of pulmonary 
vascular resistance of as much as 90%. Even this change is probably under- 
estimated in some experiments. A large decrease of pulmonary vascular 
resistance was observed when the lungs were expanded with air, oxygen or 
nitrogen, but not when they were expanded with saline. 

3. With the circulation in the foetal condition, before ventilation was 
begun, simultaneous determinations of oxygen percentage saturation in the 
carotid, femoral and pulmonary arterial blood showed that from 29 to 80% of 
the aortic blood was derived from the pulmonary trunk through the ductus 
arteriosus, 
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4. Within a few minutes after ventilation was begun, when the pulmonary 
vascular resistance had decreased, the direction of blood flow through the 
ductus arteriosus reversed. Under these circumstances 40-68%, of the total 
pulmonary blood flow was derived from the descending aorta through the 
ductus arteriosus, as shown by simultaneous blood oxygen determinations. 
these experiments. 

5. The resistance of the lungs of the new-born lamb to positive pressure 
ventilation is much greater than expected. The resistance to inflation rapidly 
and continuously decreases after birth. 
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A SIMPLE ELECTRICAL METHOD FOR MEASURING 
SYSTOLIC BLOOD PRESSURE IN THE INTACT RAT 


By D. J. A. GALLAGHER anv L. H. GRIMWOOD 


From the Department of Medicine, Otago University Medical School, 
Dunedin, New Zealand 


(Received 9 December 1952) 
Water plethysmographic techniques originally described by Byrom & Wilson 


(1938) and Williams, Harrison & Grollman (1939), have been widely used for 
measuring the systolic blood pressure in the tail of the intact rat. The results 


_ which have been.gbtained agree closely with direct measurement of carotid or 


femoral arterial pressures, if an allowance is made for the difference between 
the systolic and mean pressures (Shuler, Kupperman & Hamilton, 1944; 
Sobin, 1946), and provided the precautions described by these workers and by 
Proskauer, Neumann & Graef (1945) are observed. In particular, the rat as 
a whole should be neither overheated nor cooled, the tail adequately warmed, 
and a sphygmomanometer cuff 10-15 mm in width used. Nevertheless, 
Byrom (1947) has described water plethysmographs as rigid, cumbersome 
devices, and advocated the use of a new method in which the systolic pulsation 
in the caudal artery is detected by an oscillometer and optical lever system. 

This paper describes a new method for measuring the systolic blood pressure 
in the intact rat, which introduces a further simplification of present techniques. 


METHOD 


Description of apparatus 


_ The increase in tail volume as blood first enters the tail, when the pressure in 


an encircling sphygmomanometer cuff is reduced to the systolic level, is 
detected by a lever system which alters the resistance of an electrical circuit 
(Fig. 1). 

The sphygmomanometer cuff (A) is connected by a convenient length of 
rubber tubing to a bulb with a release valve, and to a mercury manometer. The 
tail lies between the fixed plate (B) and the movable plate (C) 7x 15 mm, 
which is attached to one end of the lever (D). The rod (Z), at the other end of 
this lever, is brought into light contact with the diaphragm of a small carbon 
microphone (F') by adjustment of the screw (@). An increase in tail volume 
tends to separate the plate (C) from plate (B), resulting in an increased 
pressure upon the carbon granules of the microphone (F). The — . the 
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carbon granules produces a decrease in the internal resistance of the micro- 
phone, measured by a 500 microammeter wired in series with the microphone 
and a 14 V battery. A 5000Q rheostat shunt is included for sensitivity 
adjustment. 

The sphygmomanometer cuff was made from a 10 mm length of brass tubing 
10 mm in diameter. Grooves were turned at each end of the cylinder over 
which the ends of a piece of latex tubing of suitable size could be tied, so that, 


Fig. 1. Schematic representation of the indirect blood pressure recording apparatus (a) and 
the electrical circuit of this apparatus (b). For description see text. 


on inflation, adequate contact with the tail was made without stretching. If 
this precaution is not taken the elasticity of the rubber cuff may take up 
a proportion of the inflating pressure. End bulging of the tubing was prevented 
by a washer bolted at either end of the cylinder. A laterally placed hole was 
drilled in the cylinder for connexion to manometer and bulb. 


Procedure for measurement of blood pressure 

Rats lightly anaesthetized with ether were used for measurement of blood 
pressure, readings being taken during the short recovery period. The highest 
reading consistently obtained before movement occurred was recorded as the 
systolic blood pressure under these conditions. A warm draught-free room is 
used, and the tail warmed to 40-42° C. with an electric lamp. Up to twenty 
readings may be made in the 5 min recovery period, so that prolonged 
anaesthesia and changes in the body temperature of the rat are avoided. The 
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tail is passed through the sphygmomanometer cuff, placed between the plates 
(B) and (C), and the cuff inflated to a level above the expected systolic blood 
pressure. The rod (#) is brought into light contact with the microphone 
diaphragm by adjustment of the screw (@), leading to a small deflexion on the 
microammeter. The sensitivity of the microammeter may require adjustment 
at this point, The cuff is then slowly deflated, the beginning of a progressive 
deflexion on the microammeter showing that the tail volume is increasing, and 
the level of the systolic blood pressure has been reached. 
Apparatus for simultaneous indirect and direct measurement 
of the caudal artery pressure 

The tail was placed in position for indirect measurements, and a caudal 
artery exposed just below the plate (C) 3-5cm from the base of the tail. 
A 26-gauge needle, connected by a length of 0-5 mm bore polythene tubing 
filled with heparinized saline to a 1 mm bore mercury manometer, was intro- 
duced and tied into the artery. Introduction of the cannula was assisted by 
swabbing with warmed (40° C) 1% (w/v) isotonic procaine. The cannula and 
the upper free skin margin were included in a further ligature encircling the tail. 
This was found to prevent a reduction in sensitivity for the indirect readings. 
Failure to do this led to concentration of the tail volume changes at the open 
skin incision. The mercury manometer recording cuff pressure was mounted 


alongside the manometer recording caudal artery pressure. 


RESULTS 
Normal blood pressures 


In seventy-two Wistar rats, with an equal sex distribution, from 150 to 250 g 


in weight, systolic blood pressures under light ether ranged from 82 to 140 mm Hg 
(one under 90 mm, one over 130 mm), mean 114-2 mm, s.D. + 10-7. 
Comparison of simultaneous indirect and direct measurement 
of the caudal artery pressure 

Several direct (mean blood pressure) and indirect (systolic blood pressure) 
readings were made in each of five rats. Close proportionality was found 
between the two sets of results as shown in the graph (Fig. 2). The systolic 
(indirect) pressures were a few mm higher than the mean (direct) blood 
pressures. 

SUMMARY 

1. Asimplified method for rapid measurement of the systolic blood pressure 
in the tail of the intact rat has been described. The increase in volume as blood 
first enters the tail, when the pressure in an encircling sphygmomanometer cuff 
is reduced to the systolic level, is detected by a simple device which alters the 
resistance of an electrical circuit. 
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Direct mean blood pressure (mm Hg) 

Fig. 2. The indirect caudal (systolic) blood pressure, in comparison with the 
simultaneously measured direct caudal (mean) blood pressure. 


2. Simultaneous indirect and direct measurements of the caudal artery 
blood pressure showed close proportionality. 

3. The range of normal blood pressures for Wistar rats measured by the 
described method corresponded with those obtained by other workers using 
direct and indirect methods. 


The authors wish to acknowledge the encouragement given by Prof. F. H. Smirk. The 
expenses of this investigation were defrayed in part by the Medical Research Council of New 
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THE OCCURRENCE OF VESICULATED NEURONES IN 
THE HYPOTHALAMUS OF THE DOG 


By P. A. JEWELL 


From the Departments of Pharmacology, University of Cambridge, and of 
Physiology, Royal Veterinary College, London University 
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Verney (1947) showed that the release of antidiuretic hormone from the 
posterior lobe of the pituitary gland is directly related to the osmotic pressure 
of the blood reaching the brain. It was postulated that sensory elements, 
which were termed osmoreceptors, and which are functionally linked with the 
neurohypophysis, must exist somewhere in the field of distribution of the 
internal carotid artery. In searching for such structures attention was first 
directed towards the main group of cells from which the supraoptico-hypo- 
physial tract originates—the supraoptic nucleus of the hypothalamus. In an 
histological examination of this nucleus in the dog Verney (1947) observed 
small vesicles with features which might fit them for an osmoreceptive function. 
A few observations on their nature were recorded. They were present in the 
supraoptic nuclei of four animals in which the brain had been fixed by 
immediate perfusion. In a dog in which fixation of the brain was delayed none 
were to be seen. In one of the former animals eighty-nine vesicles were counted, 
and when the distribution of their sizes was plotted it approximated in form 
to a normal distribution curve; whilst in another animal, whose posterior lobe 
had been removed 51 days before fixation of the brain, only thirty-two 
vesicles were counted. The vesicles were roughly xtopnaoan and of a mean 
diameter of 68: they contained no fat. 

The purpose of the present investigation was to examine these vesicles in 
greater detail, in order to learn more of their histological structure and relation 
to neighbouring cellular elements, and to determine the extent of their 
distribution in the hypothalamus. In addition, their fate following lesions to 
the neurohypophysis was investigated, since such lesions interfere with the 
animal’s ability to release antidiuretic hormone. 
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MATERIAL AND METHODS 
Animals 


Normal animals. Serial sections of the hypothalamus in thirteen normal animals have been 
examined. Dogs and bitches were included in the group; their weights varied between 5 and 
28 kg. One of the animals (‘Nicky’) had been subjected to certain operations and had had its 
osmotic responses determined (see Verney, 1947). 

Animals subjected to operative interference with the neurohypophysis. This group of animals was 
composed of five bitches which had been used in survival experiments to determine the role of the 
neurohypophysis in the excretion of water or salts. Two were post-hypophysectomized and three 
had suffered section of the supraoptico-hypophysial tracts. The relevant data for these animals is 
as follows: 

‘Sally’ was prepared by Prof. E. B. Verney and has already been reported upon (Verney, 1947): 
the sections of the hypothalamus of this animal were re-examined to provide some additional data 
for the present paper. The other four animals were prepared by Dr W. J. O’Connor who kindly 
allowed the brains to be used for the present investigation. 

‘Bessie’ (17 kg) was killed 144 months after removal of the posterior lobe. Her post-operative 
daily urine volume was rather above the pre-operative level but with no definite polyuria (see 
O’Connor, 1952, fig. 1). 

Diana’ (17 kg) was killed 8 months after tract section and was at that time exhibiting a per- 
manent polyuria of 2-5 1. a day. 

‘Ruby’ (13 kg) was killed 3 months after attempted tract section. No polyuria appeared. 

‘Sheila’ (14 kg) was killed 3 months after tract section and exhibited a polydipsia of 5 1. a day 
during this period (see O’Connor, 1952). 


Histological 

after death, using the method described by Verney (1947). The fixatives used were 5% (v/v) 
formaldehyde in 0-9% (w/v) NaCl solution, 4% formaldehyde in 1-0% (w/v) CaCl, solution, 
a mixture of 40% (v/v) formaldehyde, glacial acetic acid and 80% (v/v) ethyl alcohol in the ratio 
1: 1: 18, Bouin’s fluid, Helley’s fluid, and Susa. The brains were perfused at a hydrostatic pressure 
equivalent to 126mm Hg. In some cases the brains were first washed through with hypo- or 
hypertonic saline; details are given in Table 1. In two animals, in order to inject the blood vessels, 
the fixation was followed by the infusion of an indian ink-plasma mass, made by adding 10% 
indian ink to human plasma reconstituted to three times normal strength. In one case the infusion 
was made at a pressure of 75 mm Hg, and in the other at 180 mm Hg. A block of tissue including 
the hypothalamus was cut from every brain ; two blocks, one from an indian ink-injected specimen, 
were embedded in celloidin and sections were cut at 50 and 100; the other blocks were embedded 
in paraffin and cut at between 7 and 20u. In every case serial sections of the hypothalamus and 
surrounding regions were made; with two of the paraffin blocks the sections were cut in the 
sagittal plane, all other blocks being cut in the frontal plane. 

Staining procedures. The following stains were used: haematoxylin and eosin; Masson’s trichrome ; 
Weigert’s haematoxylin and van Gieson; Heidenhain’s azo-carmine (Bensley & Bensley, 1938) ; 
toluidin blue; Mallory’s phosphotungstic acid—haematoxylin ammonia (Conn & Darrow, 1946); 
Wilder's silver nitrate—uranium method (Conn & Darrow, 1946); Bodian’s silver proteinate method 
(Conn & Darrow, 1946); Gomori’s chrome alum—haematoxylin—-phloxin (Bargmann, 1950). 

In the regions of the supraoptic and paraventricular nuclei the sections were drawn at a magni- 
fication of x 80 and the vesicles outlined in each section. In this way the vesicles could be traced 
from section to section and their number and size determined. 
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RESULTS 


In the dog the supraoptic nucleus of each side is cleatly divided into two parts 


by the optic tract, an anterior division lying dorsal and lateral to the optic 
chiasma, and @ posterior division extending from the optic chiasma to the 
median eminence. Both these divisions of. the nucleus have been found to 
contain vesicles in every normal animal examined. Moreover, in all but one of 
the animals, vesicles were present in the paraventricular nucleus. 


The histological structure and size of the vesicles 

Structure. The vesicles are basically spherical in shape, as can ba seen in 
frontal and sagittal sections, but they frequently appear somewhat flattened, 
as, for example, when two vesicles are in close contact (Pl. 2, fig. 10) or when 
a vesicle is:situated near the surface of the brain (Pl. 1, fig. 3). The vesicles are 
accommodated by the surrounding tissue in such a way as to show little 
distortion, and certainly no disruption, of nearby cellular elements. Glial cells 
and processes, the cell bodies of large neurones and nerve fibres and the cells 
of capillaries and blood vessels all lie in close proximity to the vesicles. 
Sometimes it may be observed that the tissue immediately surrounding 
a vesicle has a vacuolated appearance reminiscent of the typical histological 
appearance of the infundibular stalk and process. 

A careful examination of the serial sections through which a vesicle may 
extend reveals in some quadrant a cell body which forms an integral part of 
the vesicle. This cell body is flattened over a segment of the spherical vesicle 
(Pl. 3, fig. 14) and at its periphery is seen to be continuous with the limiting 
membrane of the vesicle (Pl. 3, fig. 12). The cell body in question, apart from 
its attenuated form, appears quite similar to the cell bodies of neighbouring 
neurones. Pl. 2, fig. 6 shows a small vesicle in which the associated cell is 
particularly well seen. It is the same size as nearby neurones, has a large 
nucleus with clear nucleoplasm and distinct nucleolus, and Nissl material 
which is clumped together near the periphery of the cell (Pl. 2, fig. 9; Pl. 3, 
fig. 15).. Moreover, in some instances, and in material stained by Bodian’s 
method (Pl. 2, fig. 7), the origin of an axon process leaving the cell body can 
be seen. It is concluded that the vesicles are in fact large vesiculated neurones. 
It has been shown by Bargmann (1950) that the neurones of the supraoptic 
and paraventricular nuclei are heavily laden with a ‘neurosecretory’ material 
which is stained by Gomori’s chrome alum—haematoxylin method. The stain 
also demonstrates clumps of this material in the axon processes of these cells, it 
is quite specific, and is not picked up by cells of other types in the hypo- 
thalamus. This being so, it seemed that the stain would give valuable informa- 
tion on the affinity between the vesiculated neurones and the other neurones 
of the region. It was found that all were stained in an exactly similar manner 
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(see Pl. 3). The vesiculated neurones are just as heavily laden with secretory 
granules as the normally appearing neurones. They show the same variability 
from deeply staining to lightly staining individual cells, (Pl. 3, fig. 15, shows 
a lightly staining and Pl. 3, fig. 12, a darkly staining vesiculated neurone.) 
Some particularly good examples of vesiculated neurones with axons arising 
from them are provided by this stain, and in these instances the axons may 
exhibit clumps of secretory material along their length in a comparable manner 
to the processes of the other neurones (see Pl. 3, figs. 11, 15). Such observa- 
tions leave no doubt that the vesicles are intracellular expansions formed in 
the large neurones of the supraoptic and paraventricular nuclei. 

In some sections the cell body of a vesiculated neurone can be seen to have 
broken away from the supporting tissue into the lumen of the vesicle and where 
this has happened the membrane of the vesicle can be seen in continuity with 
the cell and pulled into the lumen with it (see the small vesicle in PI. 1, fig. 3). 
The limiting membrane can also be well seen when two vesicles are so close 
together as to exclude any tissue between them and are only separated by 
their contiguous membranes (Pl. 2, fig. 10). The membrane appears as a thin 
hyaline envelope which does not stain specifically with any of the methods 
used, Although it has a highly refractile appearance no reticular fibres could 
be detected in it by the use of Wilder’s or Mallory’s methods (see Pl. 2, fig. 8). 

Size. The vesicles have a diameter ranging from 10 to 200. In any one 
animal the means of the antero-posterior and transverse diameters have 
always fallen between 44 and 624 (uncorrected for shrinkage), and the greater 
number of vesicles have diameters clustered about the mean. A group of 
vesicles of varying sizes are seen in Pl: 1, fig. 4. At one extreme the vesicles 
grade down to a size no larger than the individual neurones of the nucleus, and 
there is nothing to indicate that the smaller intracellular vacuoles which can 
be seen in the cell bodies of some neurones are not small or developing vesicles. 
At the other extreme vesicles of diameter 100 are not uncommon, that is to 
say they may be ten or more times the diameter of the large nerve cells of the 
region. It is this great size which clearly distinguishes the vesiculated neurones 
from any previously described cellular elements of the hypothalamus. 

Blood vessels. The supraoptic nucleus is the most richly vascularized group 
of nerve cells within the central nervous system: next to it, in richness of 
capillary bed, comes the paraventricular nucleus. These assertions are based 
on capillary counts (Finley, 1940). It is of particular interest, therefore, to 
inquire in what relation the vesicles stand to this dense vascular supply. The 
capillaries appear as an intricate network, the fibres of which twist in profusion 
between the closely packed cells (see Pl. 1, fig. 2). The capillaries lie so close to 
the vesiculated neurones as to appear to contribute to the structure of the 
vesicle wall, and the minute vessels may be found in equally intimate contact 
with them (Pl. 2, fig. 8). Some arteries of fair size enter the hypothalamus 
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through the region of the supraoptic nucleus, and the veins draining the 
paraventricular nucleus and anterior hypothalamic area emerge through the 
same region. Inevitably some vesicles lie extremely close to these vessels, they 
may protrude into the adventitia or may be distorted in shape by the vessel 
(Pl. 1, fig. 5). Nevertheless, they always retain their integrity and their 
lumina exhibit no direct connexions with any of these vessels. The structural 
independence of the vesicles from the blood vessels is established by the 
observation that injection mass does not appear in the cavity of any of the 
vesicles (Pl. 1, fig. 2), and again in a specimen in which the brain was not 
washed through, but was fixed by immersion, no erythrocytes were to be seen 
in the vesicular cavity. 

Contents. The nature of the vesicular contents remains unsolved. The 
possibility of fat being present was investigated by Verney (1947) and the 


results were negative. It seemed particularly desirable to look for ‘colloid’ 


since the presence of substances described as such has frequently been 
observed in the neurohypophysis, and in particular Scharrer & Scharrer (1940) 
have described it as being present in vacuolated cells in the paraventri- 
cular and supraoptic nuclei of the dog. However, with all stains showing 
affinity for colloid, the vesicular cavity has remained clear. In other parts of 
the same sections colloid inclusions have been intensely stained, including 
colloid in the vacuoles of the pars intermedia, and colloid inclusions and drop- 
lets in the cells of the supraoptic nucleus and adjacent hypothalamic areas. 
So far histological methods have not revealed the nature of the vesicular 
contents. 
The numbers and distribution of the vesicles 

Normal animals, The sections which have been prepared for the present 
investigation have been scrutinized to see whether vesiculated neurones could 
be found in other parts of the brain. The regions searched have included the 
entire hypothalamus and ventral thalamus, the preoptic and septal nuclei, the 
anterior third of the midbrain and the medial segment of the pyriform areas. 
A number of vacuoles are to be found grouped together in some of these regions. 
They are common in the supraoptic crest and neighbouring areas in the wall of 
the third ventricle, and in the infundibular bulb and stalk. These vacuoles did 
not appear to be intracellular and no vesiculated neurones were seen in areas 
other than the supraoptic and paraventricular nuclei. 

It is usual to find that the vesicles are gathered together in the densest 
parts of the nuclei and are rarely found amongst the cells of the periphery. 
Occasionally a vesicle is to be seen outside the strict confines of the supraoptic 
nucleus in the anterior hypothalamic area or in the infundibular bulb, but cells 
of supraoptic type occasionally appear at similar sites. In the dog large groups 
of cells of a similar type are to be seen clustered about the veins which lie 
between the paraventricular and supraoptic nuclei, but although they stain 
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distinctively with Gomori’s method none of them have been found in a vesi- 
culated condition. 

The numbers of vesicles observed in eight normal dogs are recorded in 
Table 1. The numbers for the right and left sides of the hypothalamus are 
separately recorded, and the figures for the supraoptic nucleus are divided into 
the numbers present in the anterior and posterior divisions. In addition, 
measurements are given for the average sizes of the vesicles in five of the 
animals; for the other animals measurements were not taken. The distribution 
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Text-fig. 1. The distribution of vesicles between the anterior supraoptic nucleus (ant. 8.0.N.), 


posterior supraoptic nucleus (post. 8.0.N.), and paraventricular nucleus (P.v.N.) of the right 
and left sides in three normal animals. One solid dot represents four vesicles. 


of vesicles between the divisions of the nuclei are illustrated for three repre- 
sentative animals in Text-fig. 1. It will be seen that the distribution of vesicles 
is reasonably symmetrical between the right and left sides in most animals. 
However, with two of the animals, dogs 333 and 338, an elaboration was made 
in the fixing process. The heads of these animals were fixed by perfusion through 
the two common carotid arteries in the usual way, but the concentration of the 
solutions perfused into right and left sides was not the same. In dog 333, 
1-0% NaCl was perfused into the left side followed by 5% formaldehyde in 
10% NaCl, whilst the right side received, simultaneously, 0-8% NaCl 
followed by 5% formaldehyde in 0-8% NaCl. Dog 338 was treated similarly 
but here the concentrations of NaCl used were 1-2 and 0-6 % on left and right 
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sides respectively. No correlation could be made between the tonicity of the 
washing and fixing solutions and either the numbers or size of the vesicles of 
the respective sides. Possibly such a correlation should not be expected from 
such brief periods of exposure to the differing tonicities. Further, great 
caution is needed in interpreting such experiments since the anastomoses 
between the carotid arterial beds in the dog are so extensive (Jewell, 1952) 
that admixture, or asymmetrical distribution of the two solutions, cannot be 
excluded. 

The total numbers of vesicles present in the neurohypophysial nuclei of 
the normal animals lay between 66 and 198, except for dog 332 in which 951 
vesicles were counted in the supraoptic nuclei alone. It will be seen from the 
table that the numbers of vesicles present in the posterior divisions of the 
supraoptic nucleus are in every case considerably greater than the numbers 
present in the anterior divisions. And again the numbers present in the anterior 


divisions are usually»greater than the numbers present in the paraventricular — 


nucleus. This distribution is very different from the distribution of cell 
numbers between the three nuclear groups, and a consideration of this 
dissimilarity will be given in the discussion. 

Operated animals. The lesion necessary to produce with certainty a per- 
manent diabetes insipidus is the complete destruction of the pars nervosa, the 
pituitary stalk, and the median eminence. This can be achieved by high section 
of the supraoptico-hypophysial tracts. Less severe destruction of the neuro- 
hypophysis results in varying degrees of polyuria, whilst removal of the pars 
nervosa alone does not usually render the animal polyuric. A discussion of the 
correlation between the development of a permanent polyuria in the dog and 
the degree of damage to the neurohypophysis has been presented by O’Connor 
(1947). 

The two post-hypophysectomized animals examined in the present study 
both proved to possess a number of vesiculated neurones, and neither had 
developed a permanent polyuria. In the case of ‘Bessie’ it may be supposed 
that the loss of cells from the neurohypophysis was not far removed from the 
average loss found in such animals—i.e. 76%, from the supraoptic nuclei and 
69% from the paraventricular nuclei. Despite this loss the number of vesicles 
present was well within the range for normal animals (see Text-fig. 2), the 
total being 124. | 

The case of ‘Sally’ is of particular interest since a number of relevant 
observations on this individual animal have already been published. Verney 
(1947) used the animal in survival experiments in which the effects of intra- 
carotid injections of hypertonic solutions of sodium chloride were compared 
before and after removal of the posterior lobe of the pituitary. Although the 
animal did not develop a diabetes insipidus after the operation, its response to 
the injections, in terms of the amount of antidiuretic hormone released, was 
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reduced by 90%. The animal was sacrificed 51 days after the operation, and 
O’Connor (1947) has published counts of the numbers of cells present in the 
‘, meurohypophysial nuclei. 21,100 cells remained in the supraoptic nuclei and 
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60060000 
Text-fig. 2, As in Text-fig. 1, but showing the distribution of vesicles in two post-hypophys- 
ectomized animals, and in three animals with sectioned supraoptico-hypophysial tracts. 


8000 in the paraventricular nuclei. These figures are a little higher than the 
average. Thirty-two vesiculated neurones were present in the supraoptic 
nuclei and twenty-nine in the paraventricular nuclei; a total of sixty-one. This 
is only slightly fewer than the total counted in any normal animal. 

It appears, then, that despite the loss of cells in post-hypophysectomized 
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animals the number of vesiculated neurones present amongst the remaining 
cells is comparable with the number present in normal animals. 

Of the three tract-sectioned animals two developed a permanent and high 
polyuria; one, however, failed to do so, and its daily output of urine returned 
to a normal level after the operation. Post-mortem examination of the two 
former animals revealed that the lesion had been accurately and symmetrically 
placed in both cases so as to section the supraoptico-hypophysial tracts. In 
each case the lesion had caused direct damage to part of the posterior divisions 
of the supraoptic nuclei and extended upwards and posteriorly through the 
anterior hypothalamic area. In these two animals the heavy loss of normally 
appearing neurones was paralleled by the disappearance of vesiculated neurones 
(see Text-fig. 2). Only one vesicle was present in ‘Diana’, and sixteen in 
‘Sheila’. The third animal, ‘Ruby’, in which the attempted tract section had 


failed to produce a permanent polyuria presented an extremely interesting | 


post-mortem picture. The posterior divisions of the supraoptic nuclei appeared 
normal on both sides, with an apparently full complement of cells, and forty 
vesiculated neurones on the left side, and forty-nine on the right. Similarly, the 
anterior supraoptic nucleus and paraventricular nucleus of the right side 
appeared normal with nine vesiculated neurones in each. In contrast, these 
two latter nuclei of the left side showed a marked loss of cells and no vesicles 
(see Text-fig. 2). The stab wound had been asymmetrically placed and had 
entered the hypothalamus through the left side of the optic chiasma. From 
there it had passed dorsally and posteriorly through the anterior hypothalamic 
area involving the optic tract in its lateral extent and crossing the mid-line to 
involve the periventricular and adjacent areas of the right side in its medial 
extent (see Text-fig. 3). The lesion has passed dorsal to the left posterior 
supraoptic nucleus but has divided the descending tracts from the left anterior 
supraoptic nucleus and left paraventricular nucleus. The intrusion of the 
lesion into the right side of the hypothalamus might be suspected of dividing 
some of the descending fibres from the paraventricular nucleus of that side. 
That this would not be the case is demonstrated by reference to frontal sections 
stained with Gomori’s method. As Bargmann (1950) has shown this stain is 
picked up by material present in the descending axons of the neurones. It 
therefore forms an extremely useful method of detecting the site of these 
descending tracts. In the case of the paraventricular nucleus its descending 
axons can be seen to pass laterally, dorsal to, as well as ventral to, the fornix, 
to join the fibres from the anterior supraoptic nucleus (presented diagram- 
matically in Text-fig. 3). 

From these observations it may be concluded that the axons of the vesiculated 
neurones pass down the supraoptico-hypophysial tract in company with the 


axons of the normally-appearing neurones, and that all are affected in a similar 
way by lesions which involve these fibres. 
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Median eminence 
Text-fig. 3. Projection drawings of frontal sections through the hypothalamus of ‘ Ruby’ to show 
the extent of the lesion. The sections are 1 mm apart. (a) at the level of the optic chiasma; 
(6) anterior hypothalamic area; (c) median eminence, Lesion shown by horizontal lines. The 
arrows in 6 represent the descending fibre pathways from the paraventricular and anterior 
supraoptic nuclei. Abbreviations as in legend to Text-fig. 1. 


DISCUSSION 


Vacuolated cells were described in the supraoptic and paraventricular nuclei 
. of the dog by Scharrer & Scharrer (1940), but they are depicted as containing 
colloid, and do not approach the vesiculated neurones in size, whilst their 
fibre connexions are not described. What relation such cells may bear to the 
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vesiculated neurones under discussion has not been elucidated. Green (1952) 
has stated that the vesicles are dilated or ruptured capillaries produced by 
perfusion at pressure. The results reported here refute such an assertion. 
Moreover, there seems no reason to suppose that the vesiculated neurones are 
vacuolated and degenerating cells, since with Gomori’s stain they give evidence 
of being actively engaged in synthesizing ‘secretory’ granules. Evidence that 
the cells of the supraoptic and paraventricular nuclei are intensively engaged 
in an enzymic activity has been presented by Erinko (1951), and it is probable 
that Gomori’s method selectively stains the products of this activity. 

O’Connor (1947) has published complete counts of the numbers of cells 
present in the supraoptic and paraventricular nuclei of six normal dogs. The 
total cells of the supraoptic nuclei of the two sides varied between 64,200 and 
93,000. The figures for one normal animal were published by Pickford & 
Ritchie (1945): the number of cells in the supraoptic nuclei of this animal was 
72,320. Rasmussen (1940) made similar counts and found a range of 
35,000-41,000 cells in the supraoptic nucleus of each side. Both reports give 
figures within the range found by O’Connor. It seems permissible, therefore, 
to use O’Connor’s figures for the total numbers of cells in the supraoptic nuclei 
of normal animals for comparison with the present counts of vesiculated 
neurones. Figures for the numbers of cells normally present in the paraven- 
tricular nuclei will also be taken from O’Connor—a range of 11,800—20,100 cells. 
Pickford & Ritchie gave a figure of 44,500 for their animal, but this dis- 
crepancy will not compromise the argument. 

There is no correlation between the weight of an animal and either the total 
number of cells or the total number of vesiculated neurones in its nuclei. Nor 
is there any correlation between the total numbers of cells present in the 
neurohypophysial nuclei, or the three divisions of the nuclei, and the numbers 

of vesiculated neurones. In Table 1, figures for the numbers of vesicles 
present in the three divisions of the nuclei are complete for five animals. It 
will be seen that by far the greatest number of vesicles (average 76°) are in 
the posterior division of the supraoptic nucleus; 18% are in the anterior 
division of the supraoptic nucleus, and only 6 % in the paraventricular nucleus. 
This distribution is in contrast to the distribution of cells as can be seen from 
O’Connor’s table where 44% of cells are in the posterior supraoptic nucleus, 
39 % in the anterior supraoptic nucleus and 17 % in the paraventricular nucleus. 

If the vesiculated neurones are concerned with an osmoreceptive function 
then these observations may indicate that the posterior divisions of the 
supraoptic nucleus exercise the greatest control over the secretion of anti- 
diuretic hormone. The functions performed by the paraventricular and 
supraoptic nuclei are not precisely known, but the phylogenetic development 
of these two nuclei from the primitive nucleus preopticus may well reflect 
some divergence in their functional roles. 
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Verney (1947) has suggested that, if the vesicles are osmoreceptors, changes 
in their size might be registered by nerve processes attached to their surface 
as stretch receptors, thus transmitting impulses to the neurohypophysial cells. 
Using Bodian’s silver-proteinate method it has not been possible to detect any 
specialized terminal processes on the vesicles (Pl. 3, fig. 13), and where 
isolated instances of a process projecting from the wall of a vesicle have been 
observed, they have been interpreted as arising from, and not running to, the 
vesicle. That is not to say that such terminations about the vesicles do not 
exist, and the application of more precise histological methods for this purpose 
will be one of the next steps to take. However, the present demonstration 
that the vesicles are in fact vesiculated neurones, with axons which probably 
traverse the infundibular stalk and terminate in the infundibular process, offers 
an alternative suggestion of the manner in which they might act. The vesi- 
culated neurones may themselves be the ones which receive the osmotic 
stimulus and also themselves release antidiuretic hormone. Alanis & Matthews 
(1952) have shown that mechanical deformation of the surface of a neurone 
provokes a discharge and it could be imagined that the swelling or shrinking of 
a vesiculated neurone would provide an adequate stimulus to the cell. Such 
suggestions, however, go far beyond what can be demonstrated histologically, 
and considerably more experimental work will be necessary before it can even 
be asserted that the function of these structures is that of receiving or 
amplifying an osmotic stimulus. ? 

Finally, these observations give no basis for assuming that the number of 
vesicles in the hypothalamus of any one animal is a static quantity. On the 
contrary, it is most probable that more neurones become vesiculated when the 
need for them arises, and, should some become redundant, that they will 
revert to the usual state. If this is so, and the number of vesiculated neurones 
present at any one time bears some relation to the previous history of the 
animal, and to the environment it has had to endure, then the wide range in 
the numbers observed would be in no way surprising. 


SUMMARY 


1. The vesicles which occur in the supraoptic and paraventricular nuclei of 
the hypothalamus of the dog have been examined histologically in normal 
animals and in animals subjected to operative interference with the 
neurohypophysis. 

2. The vesicles are intracellular structures formed in the neurones of the 
nuclei. These vesiculated neurones give the same staining reactions as non- 
vesiculated ones, and have axon processes which are presumed to join the 
supraoptico-hypophysial tracts. 

3. In post-hypophysectomized animals the number of vesiculated a 
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present was within the range found in normal animals. These animals did not 
develop a permanent polyuria. 

4. In animals with sectioned supraoptico-hypophysial tracts very few 
vesiculated neurones were present. These animals developed a permanent 
polyuria. 


I have to express my warmest thanks to Prof. E. B. Verney for first interesting me in this 


J. Physiol. 117, 59P 


The Uni 


REFERENCES 
Auanis, J. & Matruews, B. H. C. (1952). The mechano-receptor properties of central neurones. 


investigation, and for generously allowing me to use and examine material which he had prepared. 
T am also greatly indebted to Dr W. J. O’Connor for giving me material from his experimental 
animals together with much information about them; and to Mr A. W. Marrable, of the Depart- 
ment of Anatomy, Royal Veterinary College, for the great trouble and care he has taken in 
preparing the photomicrographs. 


en ae Die elektive Darstellung einer marklosen diencephalen Bahn. Mikroskopie, 


Chicago: versity of Chicago Press. 


Geneva, N.Y.: Bi 


magnocellular nuclei of the rat. Acta physiol. scand. 24, 1-6. 


Ass. nerv. ment. Dis. 20 


Anat., Lond., 86, 83-94. 
O’Connor, W. J, (1947). Atro 
of the pi 


Green, J. D. (1952). ot 
innervation. Ciba Foundation Colloquia on Endrocrinology, 4, 


Comm, H. J. & Dannow, M. A. (1946). Staining Procedures used by the Biological Stain Commission. 
Erinxo, O. (1951). Histochemical evidence of intense phosphatase activity in the hypothalamic 
K. H. (1940). Res, Publ. 


of blood supply and 


sirsss  b bae A. (1952). The anastomoses between internal and external carotid circulations in the 


nerv. ment. Dis. 20, 170-194. 


Roy. Soc. B, 185, 25-106. 


All 
except Fig. 2 which is from a celloidin section, the celloidin being retained on the slide. 


EXPLANATION OF PLATES 


Experiments on the h 

dogs. Physiol 104, 105-128. 

Rasmussen, A. T. (1940). Effects of h 
hypothalamic nuclei of animals 


orconnos, W. (1952). The normal interphase in the polyuria which follows section of the 
Quart. J. exp. Physiol. 37, 1-10. 


| 


ysectomy and hypophysial stalk 


pituitary control of 


stalk resection on the 
245-269. 


man. Res. Publ. Ass. nerv. ment. Dis. 20, 
Scuarrer, E. & Scuarrer, B. (1940). Secretory cells within the hypothalamus. Res. Publ. Ass. 


Verney, E. B. (1947). The antidiuretic hormone and the factors which determine its release. 


are from paraffin sections through the posterior supraoptic nuclei of dogs, 


Prats 


Fig. 1. Transverse section through the median eminence and pars distalis of a greyhound showing 


the distribution of vesicles in the posterior divisions of the supraoptic nuclei. Azan; 10, thick. 


Fig. 2. Transverse section of the right posterior supraoptic nucleus of a dog in which the blood 


vessels had been injected with an indian ink—plasma mass. Numerous vesiculated neurones 


are present. Toluidin blue; 100, thick. 
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Fig. 3. Vesiculated neurones protruding from the surface of the tuber cinereum. Ventral aspect 
of the brain to the left of the photomicrograph. Transverse section; Masson’s trichrome; 
10 thick. 

Fig. 4. Group of vesiculated neurones of varying size and showing refractile borders, The 
associated neurone is clearly seen in the case of the small vesicle on the right of the field. 
Sagittal section; azan; 10, thick. 

Fig. 5. Vesicle protruding into the adventitia of an artery which penetrates the hypothalamus. 
Transverse section; Masson's trichrome; 10, thick. 


2 


Fig. 6. The crescentio form of the cell in a small vesiculated neurone. Note the clear nucleoplasm 
and cytoplasm. Nissi granules are not evident. Haematoxylin and eosin; 10 thick. 
Fig. 7. Vesiculated neurone stained with Bodian’s method showing the axon process arising from 
the cell. 12 thick. 

Fig. 8. Wilder’s method for reticular fibres showing the reticular network in blood vessels but the 
absence of fibres from the vesicle wall. 12, thick. 

Fig. 9. Vesiculated neurone showing the axon process leaving the cell and peripherally situated 
Nissl material. Haematoxylin and eosin; 10,4 thick. 

Fig. 10. A group of vesiculated neurones showing the walls between them. Azan; 10, thick. 
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Fig. 11. Application of Bargmann’s modification of Gomori’s method to vesiculated neurones. 
The smaller vesiculated neurone exhibits an axon process which runs for a considerable 
distance in the plane of the section. ‘Secretory’ material can be seen clumped along the axon. 
15y thick. 

Fig. 12. Gomori’s method revealing deeply staining and lightly staining cells. The vesiculated 
neurone is deeply staining but the amount of cytoplasm remaining about the nucleus is 
conspicuously less than that of neighbouring cells. 15, thick. 

Fig. 13. Bodian’s method showing fine nerve fibres running in close proximity to a vesicle. No 
special endings about the vesicle could be discerned. 12, thick. 

- Fig. 14. Gomori’s method; large vesiculated neurone. The attenuated form of the neurone is well 
seen, and it is also heavily laden with ‘secretory’ granules. Note the axon process on the right 
of the field showing clumps of ‘secretory’ material. 15, thick. 

Fig. 15. Vesiculated neurone derived from a lightly staining cell. The origin of an axon process 
from this cell can be seen just below the nucleus. Gomori’s method; 15, thick. 
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THE RESPONSE OF PULMONARY AND CARDIO- 
VASCULAR VAGAL RECEPTORS TO 
CERTAIN DRUGS 


By A. 8. PAINTAL 
From the Department of Physiology, University of Edinburgh 
(Received 1 January 1953) 


Although much is already known about the reflex effects and receptor areas of 
veratrine (Bezold & Hirt, 1867; Jarisch & Richter, 1939; Krayer & Acheson, 
1946; Dawes, 1947; Jarisch & Zotterman, 1948), isothiourea derivatives and 
the aromatic guanidines (Dawes & Fastier, 1950; Dawes & Mott, 1950; Dawes, 
Mott & Widdicombe, 1951), a knowledge of the afferent mechanisms concerned 
is largely obscure. Dawes et al. (1951) suggested that pulmonary vascular 
afferent fibres (Whitteridge, 1948) might be concerned in the inhibition of 
respiration following the intravenous injection of phenyldiguanide in the cat. 
At that time it was not known that these receptors were located in the right 
and left atria of the heart (Paintal, 1953<). 

Two types of atrial receptors have been described (Paintal, 19536): type A 
which gives a presystolic train of impulses in time with the a wave of the 
venous pressure curve, and type B which responds to changes in atrial = 
and gives a late systolic train of impulses. 

In this paper, the effects of veratrine, phenyldiguanide and pituitrin on the 
impulses in various vagal afferent fibres have been studied. 


METHODS 
The experiments were done on cats anaesthetized with chloralose (80 mg/kg). Single units were 
dissected and their action potentials recorded as already described (Paintal, 1953). The right 
_ intra-atrial pressure was recorded with a semi-rigid catheter passed down the external jugular 
vein and connected to a saline-filled capacitance manometer. The intra-pleural pressure was 
recorded with a mirror membrane manometer. 

To study the influence of the drugs on the vagal afferents single units were dissected and after 
identification a suitable dose of a drug was injected intravenously into a femoral vein while the 
activity of the fibre was recorded. Five to fifteen minutes were allowed to pass before another 
drug or another dose of the same drug was injected. The usual doses of the different drugs dis- 
solved in 0-9% (w/v) NaCl solution were: veratrine, 1-7 mg; phenyldiguanide, 100 yg; pituitrin 
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0-5 ml. (Parke Davis 10 unite/ml.). A control observation was made each time by a separate 
injection of 1 ml. of 0-9% NaCl solution. 

During the early part of this investigation, it was found that injection of phenyldiguanide 
aroused activity in a previously inactive fibre with a conduction velocity of about 5 m/sec. In 
subsequent experiments the units sensitive to phenyldiguanide were isolated in the following 
way: after a strand had been dissected the vagal trunk was stimulated and the compound action 
potential examined for evidence of a slow component with a conduction velocity of below 15 m/sec. 
When such # component was present, phenyldiguanide was injected and the response noted on 
the cathode-ray tube. If an increase in base-line noise occurred, the strand was subdivided and 
the procedure repeated until a record of a single unit was obtained. 


RESULTS 
Phenyldiguanide 
Phenyldiguanide when injected intravenously reduced the activity in slowly 
adapting pulmonary stretch fibres. This was associated with the inhibition of 
respiration produced by the drug phenyldiguanide; it did not produce increased 
activity in any stretch fibre. These observations are in agreement with those 
of Dawes et al..(1951). There was no significant effect. on rapidly adapting 
stretch fibres (Knowlton & Larrabee, 1946) or on fibres firing only on deflation. 

A marked decrease in activity of four depressor fibres was observed. This 
occurred about 3-4 sec after injection and was due presumably to the lowering 
of systemic blood pressure that has been shown to occur (Dawes et al. 1951). 
The discharge usually returned to its original level 30-60 sec later. 

No significant change was seen in the activity of six right atrial type A fibres 
with repeated injections of phenyldiguanide. On occasions a small initial 
increase in the number of impulses per cardiac cycle associated with a slight 
rise in intra-atrial pressure was observed. No significant increase in the 
activity of three right atrial type B and one left atrial type B fibre was seen, 
although the inhibition of respiration and bradycardia were marked each time. 
As with the type A receptors and for the same reason, there was a small initial 
increase in the number of impulses in the type B fibres. 

On nine occasions in seven cats phenyldiguanide stimulated to activity 
receptors that were previously quiescent (Fig. 1). All were characterized by 
a sudden outburst of activity 2~4 sec after injection of the drug. Activity was — 
usually maximal in another 4—5 sec and died away after 10-25 sec. The degree 
of respiratory inhibition appeared to be related to the activity of these fibres. 
The response could be repeated several times and showed no significant 
diminution with subsequent injections. The conduction velocities of these 
fibres have been determined and the mean is about 6 m/sec (Paintal, 1953¢). 

Although many kinds of stimuli have been tried, no others have yet been 
found to produce any activity in units responsive to phenyldiguanide. Among 
the stimuli tested and found to be ineffective were (1) gradual or rapid infla- 
tions of the lungs, (2) suction of air from the trachea, (3) administration of 
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100% nitrogen or a mixture of 90% oxygen+10% carbon dioxide for 2 min 
by @ respiration pump, (4) intra-tracheal inhalation of ammonia, (5) the 
intravenous injection of a 1-3°% (w/v) solution of NaHOO, to see if a change in 
the pH of the blood had any effect. In one case trichlorethylene administered 
by a respiratory pump also failed to arouse activity in the fibre. The effect of 
ammonia was tried as it had been suggested from a consideration of the 
structure of the amidines and their strongly basic nature that ammonia might 
resemble them in its action (Dawes, 1951). 


Fig. 1. Vagal afferent fibre stimulated by phenyldiguanide. A, B, C and D are continuous 
records, E is 9 sec later. From above downwards in each are e.c.g. and vagal impulses. 
100 pg was injected intravenously between arrows in A. 


_ The possibility that the phenyldiguanide sensitive endings might be located 
in the pleura was considered, and to test this 500g of phenyldiguanide was 
injected into the pleural cavity of one cat. No alteration in respiration or the 
heart rate was observed while an intravenous injection of 100 ug of the drug 
produced the usual marked bradycardia and respiratory inhibition. 

Not all slowly conducting fibres show alterations in activity after the injec- 
tion of phenyldiguanide; in groups of slowly conducting fibres (2-18 m/sec) it 
was often found that some remained inactive after this drug had been injected. 


| Veratrine 
An intravenous injection of veratrine produces in pulmonary stretch fibres 
a high frequency continuous discharge, an observation in agreement with those 
of Dawes et al. (1951). The effect of veratrine was tried on three right atrial 
type A, one right atrial type B and three left atrial type B fibres. In none of 
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these was the activity altered significantly, although there was always a 
marked respiratory inhibition and bradycardia accompanying the injection. 
In one left atrial type B fibre the activity was increased (preceded by a 
decrease) after the period of respiratory inhibition and bradycardia had ended. 
This was probably not due to sensitization of the receptors but to greater left 
atrial filling. In one type A right atrial fibre the patterns of discharge altered 
(Fig. 2) as auricular fibrillation occurred after injection of veratrine. 


Fig. 2. A right atrial type A fibre. A is a normal record before injection of 10 mg veratrine 
intravenously; B, 5 sec after injection; C, 14 min after injection and D, 6 min after injection. 
From above downwards in each are e.c.g., impulses in a fibre, time in 7s sec. In B the moment 
auricular fibrillation occurs can be seen in the e.c.g. There is no increase in discharge after 
veratrine. Note the changes in pattern of discharge during auricular fibrillation. The e.c.g. 
and pattern of discharge are normal again in D. 


Pitustrs 

The effect of pituitrin was tried on two right atrial type A fibres, four right — 
atrial type B, two left atrial type B, and one depressor fibre. In all there was 
a marked increase in fibre activity which was usually five to ten times the 
initial level. 

In the right atrial fibres (Fig. 3) the increase in activity was associated with 
a rise in the right atrial pressure. This was probably a back pressure effect due 
to the marked rise in pulmonary arterial pressure which occurs with injection 
of such doses (0-5 ml.) of pituitrin. This latter fact was observed in two 
experiments in which the effect of pituitrin was tried on a constant volume 
inflow left lung perfusion of the cat. The relation of effective venous pressure 
to the number of impulses per cardiac cycle has been plotted in Fig. 4, which 
shows that the increased discharge can be explained entirely by the increased 
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Fig. 3. Type B right atrial fibre. A is a normal record; B, after intravenous injection of 0-5 mL 
pituitrin. C, taken at slow camera speed, shows the absence of obvious difference in discharge 
during inspiration and expiration. From above downwards in each are ¢.c.g., impulses in 
a fibre, time in 7s sec, In C the lowest trace is a record of the intrapleural pressure, inspiration 
downwards. 
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0 1 2 3 4 5 6 
cm 1,0 
Fig. 4. Relation of effective venous pressure and number of impulses per cardiac cycle in a right 
atrial type B fibre. Solid circles represent values before intravenous injection of 0-5 ml. 
pituitrin; open circles after injection. Graph shows absence of sensitization of receptor by 
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pressure resulting from the increased filling of the atrium on the assumption 
that atrial filling and pressure are related. 

During the action of pituitrin the pattern of the discharge usually alters 
considerably and may on occasion become continuous. The type A fibres often 
temporarily lose their a volley of impulses for no obvious reason—the discharge 
then occurring entirely in the systolic period. During increased activity in the 
type B fibres, the volley of impulses may begin very early in systole, often 
immediately after the QRS complex of the e.c.g. (Fig. 3). The fibres may then 
develop temporarily a c volley of impulses in time with the c wave of the venous 
pressure curve. In one fibre the discharge developed a mid-systolic silent 
interval. During the period of increased activity the respiratory variations in 
the discharge are small (Fig. 3), occasionally there are none. 

Injection of pituitrin caused a large increase in activity in a depressor fibre— 
the discharge becoming continuous with a superimposed cardiac rhythm for 
about 30 sec. This was probably due to the increase in systemic blood pressure. 
Howeyer, unlike the atrial receptors, the pattern of discharge was not much 
altered after the period of continuous discharge had ceased. 

In the left atrial type B fibres a similar increase in activity occurs. This is 
probably due to a rise in systemic blood pressure causing a back pressure effect 
analogous to the conditions obtained in the right atrium. Fig. 5 shows the 
effect of pituitrin on a left atrial fibre. In this the respiratory variations which 
are opposite to those occurring on the right side are accentuated. It is not 
known whether these fibres are sensitized or not, as there was no record of 
the left atrial pressure, but from the character of the changes it is presumed 
that they were not. bs 

Pituitrin does not affect pulmonary stretch fibres and it therefore provides 
a reliable way of distinguishing between atrial receptors and stretch fibres 
with a cardiac rhythm. 


DISCUSSION 
In the investigation of the effects of drugs on receptors, it is always desirable 
to record the physical or chemical factors which normally affect that ending 
and simultaneously the frequency of the impulses set up. Unfortunately this 
was not possible for the stretch and arterial pressor receptors described here. 
It was done for some of the atrial receptors, and it was then easy to distinguish 
between effects of a drug on the sensitivity of an ending, and effects of a drug 
on the physical environment of that ending. It could not be done with the 
small fibres whose endings were sensitive to phenyldiguanide since their 
natural stimulus is unknown. 

It seems certain that phenyldiguanide, in doses sufficient to produce respira- 
tory inhibition and bradycardia, does not stimulate or sensitize the known 
respiratory and cardiovascular receptors. The suggestion of Dawes et al. (1951) 
that the pulmonary vascular receptors (atrial type B, Paintal, 19536) might 
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be the ones concerned with the amidine reflex is therefore not confirmed. This 
suggestion was made from the fact that the blocking temperature of these 
fibres (Torrance & Whitteridge, 1948) was the same as the temperature at 
which the reflex respiratory inhibition produced by the drug was blocked, 
namely 3°C. From a consideration of the conduction velocities of various 
vagal afferents (Paintal, 1953c) it is likely that several different types of vagal 
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Fig. 5. Effect of pituitrin on a left-atrial receptor (small spike). A, before and B, after intravenous 
injection of 0-5 ml. pituitrin. From above downwards, right venous pressure record, e.c.g., 
impulses in fibres, intrapleural pressure (inspiration downwards). In B there are time marks 
in 7s sec. Note that activity in the left atrial fibre is maximal during expiration. Also note 


the rise in right venous pressure after injection. The pulmonary stretch fibre (large spike) is 
unaffected by the drug. 


afferents probably possess similar blocking temperatures, and it would there- 
fore appear difficult to prove from differential blocking experiments alone that 
only one particular type of afferent was concerned in the production of reflex 
respiratory inhibition. The fact that phenyldiguanide produces different reflex 
effects in different animals suggests the possibility that various reflex 
mechanisms may be involved (Dawes, Mott & Widdicombe, 1951, 1952). 

It is certain that phenyldiguanide stimulates the receptors of certain slowly 
conducting fibres (mean conduction velocity of 6 m/sec) that were previously 
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inactive. It is also definite that it does not increase the activity in all slowly 
conducting fibres, but it is not certain whether all the fibres roused to activity 
are functionally the same. However, all these fibres have in common the fact 
that they are normally inactive and that they are unaffected by inflation or 
deflation of the lungs, or by administration of nitrogen or carbon dioxide. These 
phenyldiguanide-sensitive receptors could be amongst those concerned in the 
inhibition of respiration as their mean conduction velocity of 6 m/sec might 
correspond to the blocking temperature of the reflex which is 3° ©. They are 
probably not concerned in the depressor reflexes produced by the drug from 
the heart and lungs, for as shown by Dawes et al. (1951) these responses are 
blocked at higher temperatures ; their afferent fibres remain unidentified so far. 

The normal functions of the phenyldiguanide-sensitive receptors remain to 
be determined. If they are concerned with the reflex inhibition of respiration 
they are probably located in the lungs as the experiments of Dawes et al. would 
suggest. Their existence would have remained unnoticed without the use of 
drugs and this technique might therefore reveal the presence of normally 
quiescent fibres in other situations. It is believed that there are probably 
several types of afferent fibres normally quiescent in the vagus and the use of 
other types of drugs might reveal their existence. 

The observation of Dawes et al. (1951) that veratrine sensitizes or excites 
the pulmonary stretch receptors is confirmed, but it does not affect the right 
and left atrial receptors of both types A and B. No fibres of the type described 
by Jarisch & Zotterman (1948) as responding to veratrine were encountered; 
possibly a further search would yield evidence of their existence. The afferent 
fibres concerned in the Bezold reflex remain unknown. 

The use of pituitrin has revealed the fact that the pattern of discharge in 
atrial receptors of both types A and B may change radically and assume 
unusual forms. It would therefore seem necessary to exercise caution in the 
interpretation of unusual patterns of discharges with a cardiac rhythm. 
Pituitrin provides an easy way of increasing the activity of these receptors 
although the increase is secondary to changes in atrial filling and atrial 
pressure, 

SUMMARY 

1. The responses in various pulmonary and cardiovascular afferent fibres 
to intravenous injections of phenyldiguanide, veratrine and pituitrin have 
been studied and it has been shown that: “a Gp 

(a) Phenyldiguanide in doses sufficient to cause inhibition of respiration 
and bradycardia does not stimulate or sensitize slowly or rapidly adapting 
pulmonary stretch receptors, arterial pressure receptors, right and left atrial 
receptors of both types A and B, and fibres firing only on suction of air from 
the trachea. 

(6) Phenyldiguanide stimulates endings of certain fibres which are normally 
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quiescent and which have a mean conduction velocity of 6 m/sec. These 
receptors are not affected by inflation or deflation of the lungs or by administra- 
tion of 100% nitrogen or a mixture of 90% oxygen and 10% carbon dioxide. 

(c) Veratrine stimulates the slowly adapting pulmonary stretch receptors 
but not the aortic or atrial receptors. 

(2) Injection of pituitrin gives rise to greatly increased activity in atrial 

. This is associated with a rise in intra-atrial pressure. 

2. It is possible that the phenyldiguanide-sensitive receptors may be 

concerned in the reflex inhibition of respiration produced by the drug. 


I am most grateful to Prof. D. Whitteridge for his guidance throughout the investigation, and 
to Dr C. O. Hebb and Dr A. A. B. Swan for allowing me to do the joint experiments on the left 
lung perfusion with them. I am indebted to Mr W. T. 8. Austin for much technical advice and to 


Miss M. Forfar for assistance in the experiments. The investigation was supported by a grant 
from the Rockefeller Foundation. 
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ELECTRICAL ACTIVITY AND INTRACELLULAR | 
) SODIUM CONCENTRATION IN FROG MUSCLE 


By J. E. DESMEDT* 
eos From the Physiological Laboratory, University of Cambridge 
(Recewed 10 January 1953) 


When a muscle is soaked in a solution with reduced potassium content, it loses 
part of its internal potassium and gains sodium, the sum of the two cation 
concentrations inside remaining more or less the same. This behaviour has 
| __-been described by Fenn & Cobb (1934), Steinbach (1940) and Boyle & Conway 
(1941) for frog muscle, and it has also been found in other excitable tissues. 
That the cation exchange is due to the displacement of some kind of equili- 
brium or steady state is obvious from the fact that, when transferred into 
a Ringer with higher potassium, the sodium-rich and potassium-depleted 
muscle is able to restore its original composition to an appreciable extent 
(Steinbach, 1940, 1951). Such a soaking procedure thus provides a convenient 
way of altering reversibly the intracellular sodium concentration. 

It has been found possible to insert Ling-Gerard micro-electrodes (tip 
about 0-5 x) into sodium-rich frog sartorius fibres and to investigate how the 
resting and action potentials behave under these conditions. Analytical 
estimation of the sodium and potassium content has been carried out for each 
muscle, so that an accurate correlation of both features became possible. 

There is now increasing evidence that the rising phase of the action potential 
is due to a specific increase of sodium permeability, the active membrane 
behaving roughly as a sodium electrode (see Hodgkin, 1951). This suggestion 
was originally based on the fact that the spike size depends on the sodium 
concentration in the external medium (Hodgkin & Katz, 1949). It will be 
shown in this paper that a similar relation is observed when the intracellular 
sodium is increased, external sodium being maintained at the normal level. 
Moreover, when the muscle is allowed to recover, the active membrane poten- 
tial gets larger as the accumulated sodium is extruded. 


* On leave of absence from the University of Brussels. 
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METHODS 


Material, The experiments reported here were made in July-August 1952 on a batch of male 
English Rana temporaria (16-27 g). The frogs had been kept in moist air at about 18°C, 
Sartorius muscles were carefully dissected out with all insertions intact. The pelvic girdle was 
separated along the mid-line with a razor blade so that both muscles were still attached to the bone 
and could thus be pinned down without any injury to the fibres. A cotton thread was tied to the 
distal tendon. Muscles were rejected if they twitched spontaneously when put into Ringer because 
this would lead to accumulation of sodium and upset the matching of paired muscles. 
Solutions. Stocks prepared with ‘Analar’ chemicals (British Drag Houses Ltd.) and distilled 
water were used to make up the solutions described in Table 1 ; glucose and bicarbonate, however, 
were weighed each time. When the electrical activity was to be investigated, the muscles were 
_ always immersed in a Ringer with 104 mm-Na, which is the concentration in frog plasma (Fenn, 
1936). Glucose was then used to make up the required osmotic pressure and the solution was not 
kept for longer than 48 hr. Solution B, which was described by Boyle & Conway (1941), imitates 


closely the inorganic composition of frog plasma. The pH’s were checked with a glass electrode. 
Tasiz 1. Composition of solutions, m.mole/l. 


Gluco- Glu- 
Na K Ca Mg CG PO, HCO, 80, nate cose mixture pH 

A. Phosphate 10425 09 —1005 3 —- — — 7-2 

Ringer or or 

0-2 98-2 

B. Boyle & 25 09 12. 75 3. 8. 08 7-4 
(1941) in 
C. Soaking 1200 02 089 — 1165 3 0, 7-2 
D. Reco 104 10 09 12 825 3 20% 18 O89 2 5%CO, 7-4 
K, | in O, 

& Conway) 


Soaking procedure, Muscles were soaked in low-K phosphate Ringer (C, Table 1) for 10-68 hr 
at 2-3° C. The solutions were changed at intervals of about 12 hr in order to prevent bacterial 
proliferation, and pure oxygen was bubbled each time for about 15 min. 

Apparatus. A paraffin wax recording bath was used, with two pools of Ringer connected via 
a small channel. The sartorius was passed through the channel and fixed on a Perspex frame under 
slight stretch (1-2 times the resting length in vivo). A thyratron shock could be applied between 
the pools through Ag-AgCl plates, one of which was earthed. A suction outlet tube mounted on 
vertical rack and pinion could be so adjusted that the level of fluid was always about 0-5 mm above 
the muscle surface. This was checked quite easily during the process of impalement of a muscle 
fibre by noticing the reading of the micrometer of the micro-manipulator (a) when the micro- 
electrode made contact with the Ringer surface, and (b) when resting potential was obtained. In 
order to prevent concentration (by evaporation) of this small layer of fluid, fresh solution was 
repeatedly flowed into the bath from a well-oxygenated reservoir. 

Electrical recording. Micro-capillaries tapering to about 0-5 u (Ling & Gerard, 1949) and filled 
with 3 m-KCl were used throughout. Their resistance was checked frequently in the course of the 
experiment in order to see whether it fell within the suitable range (10-30 MQ). The micro- 
electrodes were mounted on a cathode follower probe as described by Nastuk & Hodgkin (1950), 
and connected via a d.c. amplifier to a Cossor flat-faced cathode-ray oscilloscope. 

The input valve (RCA 954) had a grid current of 8-10-™ A (negative). The capacity of the input 
with respect to earth was checked in two different ways (square pulse and noise level) and found to 
be about 1 pF. As the layer of Ringer on the muscle surface was not thicker than 0-5 mm, the 
capacity leak across the wall of the micro-electrode was probably 0-5 pF (see Nastuk & Hodgkin, 
1950). The input time constant with an electrode impaled in a muscle fibre was therefore likely to 
be less than 50 usec. This might reduce the height of the action potential by 2% and the maximum 
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tate of rise by 10-20%. The potentials observed were photographed and measured subsequently 
by projection on to a calibrating grid. A voltage calibrator with a built-in Weston cell gave steps 
of 10 mV. A 1000 c/s valve-maintained tuning fork was the standard of time. The rates of rise and 
fall of the spikes were obtained by graphical differentiation. 

The sartorii were impaled only in their proximal fifth which is practically devoid of end plates 
(Pézard & May, 1937), because it has been shown that the spike can be appreciably reduced by the 
transmitter action (Fatt & Katz, 1951). Care was also taken to select muscle fibres free of those 
connective tissue filaments which are sometimes found on the inner surface of the sartorius because 
this can complicate the penetration of the micro-electrode. When calculating mean values, the 
potentials were selected using the criteria described by Nastuk & Hodgkin (1950), namely that the 
resting potential should be established in a sudden jump to a stable level, and that there should be 
no shift in base-line (sweeps were photographed with the electrode in the outside fluid before and 
after recording each spike). 

Electrolyte estimation. Muscles with insertions cut away were gently blotted between filter-papers 
and weighed in a platinum crucible. As a check on the procedure some muscles were put back into 
Ringer for a while, then reblotted and reweighed, and the mean difference in weight was found to 
be less than 0-5 % (14 observations). The muscles were evaporated to constant weight in an oven 
at 105° C (1-2 hr) so that a figure was obtained for the water content. The crucibles were eventually 
left overnight in a furnace at 580° C. 

The ash was dissolved in distilled water and estimated for Na and K with an Evans Electro- 
selenium flame photometer. The usual precautions were taken to check any contamination of the 
samples. When the estimation was repeated at a different time (sometimes the next day) the mean 
difference observed for the sample concentration was 3-2 % for Na and 3-7 % for K (26 observations). 

Mean concentrations for nine short-soaked muscles (0-2 hr) expressed in m.mole/kg wet weight 
were 26 + 1-4 for Na and 97+ 2 for K. The Na figure agrees well with data presented by Fenn (1936) 
and Boyle & Conway (1941), whereas the K figure is about 10% higher. This discrepancy cannot 
be explained with data at hand; however it should be pointed out that the K concentration 
reported in this paper would give a better agreement with recent chemical analyses by P. R. Lewis 
_ (personal communication) and Harris (1953). 

Interspace measurements, 1% purified Fructosan (Palmer, 1951) was added to the Ringer in 
some experiments. The polysaccharide was estimated after 4—6 hr in muscle and solution, and the 
volume of extracellular water into which diffusion had taken place was computed as described by 
Lewis (1952). Control readings were given by muscles soaked under similar conditions but without 
polysaccharide. 


RESULTS 


As an attempt is made to correlate the electrical activity with the ratio of 
sodium concentrations across the muscle fibre membrane, the analytical data 
have to be expressed in terms of concentrations in the ‘fibre water’, that is the 
water available for solution within the membrane. For doing so a knowledge 
of the interspace volume is required. 


Interspace and fibre water estimation 

Figures obtained in collaboration with Dr P. R. Lewis for the extracellular 
water in the frog sartorius are collected in Table 2. Some muscles were soaked 
in the so-called Boyle & Conway Ringer which is least likely to upset the 
conditions prevailing in the living animal; others were left in low potassium 
for 50 hr, the polysaccharide being added only for the last 6 hr. Diffusion took — 
place at 20° C in both cases. Figures referring to paired muscles of — 
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frog have been bracketed: as they show a closer agreement, the scatter 
observed is more likely due to individual variations between frogs than to 
inaccuracy of the procedure. No significant difference is found between short- 
and long-soaked muscles, and the overall mean 12-5 + 0-4% can thus safely be 
used for the calculations. This figure agrees fairly well with the results presented 
by Boyle, Conway, Kane & O’Reilly (1941). 


TaBiE 2. Extracellular space of frog sartorius muscles. Bracketed values are from the same frog 


Soaking ml. /100 
time water ( g 
Ringer used (hr) final wet weight) 
Boyle & Conway a 12-5 
4 12-9 
6 12-4 
Low K phosphate 44+6 13-4 
44+6 13-9 
44+6 11-2 
44+6 11-2 


The total water content was expressed in percentage of the final wet weight. 
A mean value of 78-7+0-2% was obtained for nine short-soaked muscles 
(0-2 hr). Prolonged soaking (30-68 hr) in low potassium solution resulted in 
a small decrease in total water, the mean figure being 76-9+0-3% (fifteen 


muscles); muscles similarly treated but allowed subsequently to recover in | 


higher potassium Ringer for 1-3 hr gave 77-2+0-3% (nine). In order to 
standardize the calculations, the total water was taken as 78-59%, for short- 
soaked muscles and 77% for all long-soaked ones. Corresponding figures for 
the fibre water are thus 66% and 64-5 % respectively, interspace volume being 
the same in both cases. 

It is now easy to express the sodium and potassium concentrations in 
m.mole/kg fibre water after due allowance for the amount present in the 
extracellular space, using the formula _ 

C,, — 0-125 C, 
0-66 or 0-645 


(Boyle et al: 1941) where the symbols represent. concentrations in fibre water 
(Cy..), in total muscle (C,,) and in the external solution (C,) respectively. 

A limitation of the method should be pointed out, namely that the electrical 
data were obtained on superficial fibres, whereas the chemical estimations 
were for the whole muscle. Errors due to this cause are not thought to be 
large since the muscles were soaked for relatively long times and should have 
been in a fairly uniform condition. 

After 50 hr in low potassium, muscle wet weights appear to be about 10% less than they wer: 
at the start of the soaking period (that is 1 hr after immersion in the Ringer in order to allow fo: 


initial equilibration). During subsequent recovery in high potassium muscle weights do not chang: 
appreciably, thus confirming Steinbach (1951), | 
J 
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this paper. 


Electrical activity in low potassium Ringer 

Short-term expervments. It is a well known fact that the resting potential 
increases when the external potassium is reduced (see Ling & Gerard, 1949). 
It has been found that soaking a sartorius in 0-2 mm-K phosphate Ringer 
brought the resting potential from about 88 mV to about 103 mV within the 
first hour. Under these conditions the action potential is increased by the same 
amount; the overshoot however, that is the active membrane potential as 
measured from zero level, is not appreciably changed (Fig. 1 A, B and Table 3). 
A similar dissociation of resting potential and active membrane potential has 
already been observed by Fatt & Katz (1951) in muscle fibres subjected to 
@ constant inward current (anelectrotonus), and the potassium effect just 
described for frog muscle is evident in other tissues like the squid giant axon 
(Curtis & Cole, 1942; Hodgkin & Katz, 1949) and vertebrate nerve fibres 
(Huxley & Stampfli, 1951). This fact is easily explained in terms of the sodium 
theory of nervous conduction (see Hodgkin, 1951) according to which the 
overshoot tends towards a limit given by the sodium diffusion potential across 
the active membrane, no matter from what resting potential level the spike 
starts. Overshoots rather than spike sizes will thus be considered throughout 


Taste 3. .Short-term experiments. Temperature 19-5-21° C. Mean values + standard error 
of mean, followed by the number of observations 


(OF 
2-5 1-5 
0-2 0-9 
0-2 1-5 
2-5 0-2 
2-5 1-7 


Acti 
Resting, membrane Max. rato Max. rate) After 
poten 
(mV) (mV) 
Phosphate Ringer (A, Table 1) 
89405 3341 543415 12747 7341 
(9) (9) (6) (6) (8) 
8841 33541 625420 16244 7241 
(ll) = (ll) (7) (7) (8) 
100+1 32+1 585 + 25 13445 73+1 
(7) (7) (6) (6) (7) 
107+1 31+1 — 126+3 76+2 
(7) (7) (6) (7) 
Boyle & Conway Ringer (B, Table 1) 
80+1 32-5+1 70+0-5 
(ll) (11) (11) 
88+1 


606422 17143 
(9) (8) (8) (7) 


[Na], [K], 
(m.m 

fibre water 
22 147 
ll 164 
24 139 
24 151 
10 151 
26 133 


Table 3 includes two experiments in which Boyle & Conway Ringer was used. 
Whereas the active membrane potentials are similar, viz about 33 mV, the 
resting potentials are found in one case to be much lower than the conventional 
88-91 mV observed in phosphate Ringer with the same potassium content 
(Nastuk & Hodgkin, 1950; Nastuk, 1950; Fatt & Katz, 1951; this paper). 


13-2 


Soaking 
time 
(mm) (hr) 
Fig. 1A 
Fig. 4A 
Fig. 1B 
(9) 
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Such a feature is not exceptional and it has been observed on other occasions. 
It might be due to the presence of bicarbonate buffd? because Ling & Gerard 
(1949) actually described a depolarizing effect of CO, in frog muscle. 

The maximum rates of rise and fall of the action potential have been 
obtained by graphical differentiation and they should be fairly reliable because 
the slopes to be evaluated ranged from 12 to 59° C with the vertical. The 
values found in low potassium Ringer were of the same order of magnitude. 
Overall means (with their standard errors) for the short-soaked muscles are 
592 + 12 V/sec (27 observations) for the maximum rate of rise and 144 + 4 V/sec 
(33 observations) for the maximum rate of fall. 


mV mV mV mV 
+40 A +40, +40 +0 
20 20 20 
0 OF OF 0+ 
20 20f 20 
60 60} 60 60 } 

400 100 

-120 -120 -120 


AARAANA AAAANAAT ANAAAAA 


mV mV 

+40 +40 F 

20 20 

0: 0 

20 

40} 40 

80 | 80 
-100 -100 
LAAAAAA VAAAAAAT 


Fig. 1. Resting and action potentials from sartorii in different conditions. A, after 0-7 hr in 
phosphate Ringer with 2-5 mm-K. B, after 1-5hr in phosphate Ringer with 0-2 mm-K. 
C, after 46 and D, after 68 hr in phosphate Ringer with 0-2mm-K. E and F are from companion 
muscles which have also spent 46 and 68 hr respectively in low potassium, but have sub- 
sequently been enabled to recover; they were immersed in Boyle & Conway Ringer with 
2-5 mm-K when these records were obtained. Time, msec; vertical scales, 10 mV steps. 


Comparison of the two first records illustrated in Fig. 1 reveals an interesting 
feature about the negative after-potential. This latter is obviously increased 
in low potassium, when looked at in the usual way; but it appears actually 
unaffected by the change in external potassium if it is measured from the zero 
potential level. This observation is borne out by the figures collected in Table 3 
where all after-potentials seem to assume a value of about minus 73 mV with 
respect to zero. The negative after-potential in muscle is thus not related in 
a simple way to the ratio of potassium concentration across the membrane, as 
the positive phase in cephalopod axons is supposed to be (Hodgkin & Katz, 
1949; Hodgkin & Huxley, 19525). 


~ 
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Long-term experiments. Muscles were soaked in low. potassium (C, Table 1) 
up to 68 hr at 2-3° C, after which time they were allowed to equilibrate at 
room temperature and transferred subsequently into low potassium phosphate 
Ringer with 104 mm-Na (A, Table 1) in the recording bath. Impalements were 
started after about 15 min and did not last for longer than half an hour, after 
which the muscle was prepared for chemical analysis. The results are presented 
in Fig. 2 which is self-explanatory. It is observed that the resting potentials 
keep to a mean value of about 102 mV which is indeed obtained already after 


70 ° 
50 oo 
£ ° 
=a 
+30 
20 
10 
0+ + + + +— 
Hours 
9 
—110 


Fig. 2. Electrical activity and intracellular sodium in muscles soaked for different times in low-K 
Ringer. Open circles: internal sodium concentration. Upper dots: active membrane poten- 
tials as measured from the zero level. Lower dots: resting potentials. Abscissa: time spent in 
low potassium. Arrows point to ‘normal’ values. All electrical data are the means from at 
least six separate impalements. 


the first hour. This constancy is not unexpected even though the internal 
potassium is decreasing progressively by leakage (25% lost after 50 hr on the 
average), because the external potassium has been reduced by a factor of 12. 
The relative independence of resting potential and potassium ratio [K],/[K], 
when [K], is very low can be explained if the permeability of the resting 
membrane is not absolutely selective for potassium ions (Goldman, 1944). 
The active membrane potential behaves in quite a different way, being 
unaffected by the reduction of external potassium as such but diminishing pro- 
gressively while sodium is accumulated in the fibres. Overshoots thus drop from 
33 to 18 mV while internal sodium increases from about 17 to 68 m.mole/kg 
fibre water. These results will be considered in more detail on p. 200. 
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In the course of preliminary experiments, potassium-free Ringer was used as a soaking medium 
and in this case the muscles could be made to accumulate as much sodium in a shorter time, say 
6 hr. Signs of gross deterioration were however evident in that (2) the membrane presented an 
unusual mechanical resistance to the penetration of the micro-electrode, and (b) the reduction of 
spike overshoot was only partly reversible although analysis of the whole muscle showed a satis- 
factory sodium extrusion in the higher potassium solution. After much trial these difficulties 
could be explained by damage caused to the superficial muscle fibres which were directly exposed 
to potassium-free Ringer. Deeper fibres were not so affected presumably because there was a small 
amount of potassium in the interspaces as a result of continuous leakage; this can explain the 
apparent discrepancy quoted under (b) above. 

Ringer with 0-2 mm-K (but not 0-1 mm) was eventually found satisfactory in spite of the 
prolonged soaking required. The impalements were as easy as in normal muscles up to 50 hr, but 
difficulties for the penetration of the micro-electrode again became appreciable in the 57 and 68 hr 
experiments. A compromise has obviously to be sought between the extent to which external 
potassium may be reduced and the time a muscle can be kept in good condition in vitro. These 
considerations leave one with the impression (see also Steinbach, 1947, p. 856) that the living frog 
muscle fibre is remarkably efficient in opposing any important change of the normal cation 
distribution across its membrane. 


Recovery of sodium-rich muscle fibres 

The procedure used was similar to that introduced by Steinbach (1940), 
namely transferring the sodium-rich muscle into a Ringer with 10 mm-K at 
room temperature. A valuable modification seems to be the use of the Boyle 
& Conway solution which imitates the inorganic composition of frog plasma 
(D, Table 1). 

Time course of sodium extrusion. This was investigated in two experiments 
in each of which eight to ten sartorii were soaked in the same vessel for exactly 
50 hr. Some muscles were then prepared for estimation while the others were 
first allowed to ‘recover’ for various times at 20+0-2° C. The results are 
presented in Fig. 3 where intracellular concentrations are plotted against time 
spent in high potassium. The mean values obtained for the seven controls 
appear at zero time and give the starting-points of the curves. The internal 
sodium drops with a half-time of 30-40 min to an apparent plateau at about 
19 m.mole/kg fibre water which is not far from normal figures. The internal 
potassium increases by a similar amount. 


If the assumption is made that interspace and fibre water volumes used in this paper apply to 
the sartorii of Rana pipiens as well as of R. temporaria, Steinbach’s pooled results (1951) can be 
expressed in terms of intracellular concentrations. Sodium is then found to drop from 52 to 
39 m.mole/kg fibre water after 6-8 hr recovery. The greater efficiency of the sodium extrusion 
observed in Fig. 3 is probably due to the use of Boyle & Conway plasma-like Ringer. 


Electrical activity. As the cation exchange can be made reversible, it is 
possible to decide whether the reduction in active membrane potential 


observed after prolonged soaking in low potassium is due to deterioration of 


the muscle fibres, or whether it is in fact related to the ratio of sodium con- 
centration across the membrane. In the first case the overshoot will remain 
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the same when the accumulated sodium is extruded, whereas in the second 
case it should increase towards normal values under these conditions. 


160 
3 410 § 
130 


110 


§& 


[Na} (m.mole/kg fibre water) 
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Fig. 3. Time course of sodium extrusion in sodium-rich muscles. Dots: intracellular sodium 
concentration with corresponding ordinate scale on the left. Open circles: intracellular 
potassium concentration with corresponding ordinate scale on the right. Abscissa: time 
spent in Boyle & Conway Ringer with 10 mm-K. Temperature 20° C. All muscles had been 
left for 50 hr in low potassium. 


Table 4 shows that this second possibility is indeed borne out by the 
experimental results. Comparing paired muscles (bracketed data) identically 
treated except that one of them is in addition left for about 90 min in high 
potassium, it is found that the active membrane potential increases to nearly 


4. 19-20-5° C. Mean values+standard error 
| at 


Soak- 

ing Active 

; Max. rate Max. rate 

brane 

low ik. tial of rise of fall used for [K], 

(hr) (min) ~ (mV) (mV) fibre water) (V/sec) (V/sec) study (mm) 

= 108-48 2042 45 120 $554 18° Phosph. 0-2 

7 

80 31 133 359419* 9212 B,C 5 
(9) (9) (9) (9) 

— 1081 2041 51 76 Phosph. 0-2 Fig. 1C 

90 19.22 25 150 316414* 10042 B,C 25 Fig. 1E 
(8) (8) (5) (5) 

68 — 10242 1341 68 (77 320418* 5242 Phosph. 0-2 Fig.1D 
(10) (10) (8) (8) 

68 +2 22 130 B, C 25 Fig. 1F 
(5) (5) 

30 82+1 1641 55 Phosph. 2-5 Fig. 4B 
7 7 

90 32 139 394416 9844 Phosph. 25 Fig. 4C 
(8) (8) (7) (7) 


. These results required evaluation of a slope of 25-4° with the vertical and are thus somewhat 
less reliable than the other rates which are based on 9-67° slopes. 
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30 mV while the internal sodium falls to about 27 m.mole/kg fibre water. 
Representative records are illustrated in Figs. 1 and 4, and they are referred 
to individually in the tables so that one can easily find particulars which may 
be required. 

The differences observed for the resting potentials can be explained by 
differences in the Ringer used for electrical study and mostly by differences 
in the external potassium concentration. In fact, when the comparison was 
made between companion muscles both immersed in phosphate Ringer with 
2-5 mm-K (Fig. 4; Table 4, last experiment) the resting potentials actually 
increased after sodium extrusion, as is to be expected from the concomitant 
increase in internal potassium concentration. 


aan 
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Fig. 4. Electrical activity of sartorii with different sodium content. A, ‘normal’ muscle after 
1-5 hr in 2-6 mu-K (11 m.mole/kg fibre water sodium). B, sodium-rich muscle after 3) hr 
in low potassium (55 m.mole/kg fibre water sodium). C, its companion after recovery 
(32 m.mole/kg fibre water sodium). All muscles were immersed in phosphate Ringer with 
2-5 mm-K when the records were taken. Time: msec. Temperature 19-5—20-3° C. 


oe Active membrane potential and internal sodium 

This relation can now be considered in more detail by plotting active 
membrane potentials against the decimal logarithm of the intracellular 
sodium concentration, as in Fig. 5. The data obtained from six short-soaked 
muscles are included as are also those from ‘recovered’ muscles (open circles). 
The figures refer to soaking times in low potassium and they should facilitate 
identification of paired muscles. 

The experimental points fit reasonably well the straight line drawn 
according to the Nernst formula: 58 log,, [Na],/104. Deviations from linearity 
_ at low internal concentration are to be expected because the sodium per- 
meability at the peak of the action potential is not likely to be infinite with 
respect to the permeability to other ions (say K or Cl) whose contribution 
would tend to reduce the actual overshoot. This effect would indeed be more 
appreciable when the ratio [Na],/[Na], becomes very small, so that the active 
membrane potential apparently reaches a limiting value on the left of Fig. 5 
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_ as predicted by the constant field equations (Goldman, 1944: Hodgkin & Katz, 
| ~ 1949). The limiting value obtaining when the curve is flattening out presumably 
|  @epends on many factors and will thus be different according to the particular 
experimental conditions, so that there is not much point in making quantita- 
tive comparisons with published results. Mean values of 31 mV (Nastuk & 
4 Hodgkin, 1950) and 35 mV (Fatt & Katz, 1951) were observed in short-soaked 


10 20 30 4 SO 60 70 
(m.mole/kg fibre water) 


Fig. 5. The relation between active membrane potential and logarithm of intracellular sodium 

concentration. Each point represents a separate experiment. Circles: long-soaked muscles 
; after recovery in high potassium. Straight line drawn with a slope of 58 mV for a tenfold 
? change. The figures refer to the number of hours spent in low potassium. External sodium 
concentration: 104 mm in all experiments. 


_ Sartorii at room temperature with a Ringer of higher sodium content 
(113-116 mm) than was used here; larger values were obtained at lower 
_ temperature (Nastuk & Hodgkin, 1950). 
, Irreversible depression of the rate of.sodium transfer through the active 
membrane after prolonged soaking (next section) does not prevent the same 
gencral relation from being followed when a more normal cation distribution 
pattern has been restored. A discrepancy is however observed for the experi- 
mer:: made after 68 hr but this is probably related to the poor condition of the 
_ (superficial) muscle fibres, evidence for which is given by impalement difficulties 
 @necuntered (see p. 198). 
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Rate of change of membrane potential 
Alterations in external sodium concentration produce large changes in the 
rate of rise of the action potential as well as changes in the active membrane 
potential (Hodgkin & Katz, 1949; Huxley & Stampfli, 1951). The maximum 
rate of rise (proportional to the sodium current through the membrane) in the 
muscles examined after 30-68 hr in low potassium (Table 4, upper row of each 
pair) was about 60% of that in fresh muscles (Table 3), but this effect was 
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Fig. 6. The relation between the maximum rate of fall of the action potential 
and the intracellular potassium concentration in long-soaked muscles. 


largely due to an irreversible deterioration since no further significant change 
occurred when the muscles were allowed to recover in high-potassium Ringer 
(Table 4, lower row of each pair). This result seems reasonable since the 
maximum rate of rise occurs at a membrane potential at which the sodium 
influx should be large compared to the sodium outflux. One would therefore 
expect that the rate of rise would be roughly proportional to the external 
sodium concentration, but little affected by changes in internal sodium 
concentration. 

A different situation obtains during the falling phase of the action potential 
which is presumably related to outward diffusion of potassium ions (Hodgkin 


The 
tior 
Th 
of | 
lev 
Ac | 
adc 
8 
wit 
in 
ac 
uns 
nec 
| is 1 
tio 
fo 
me 
lov 
ex 
19 
ps 
as 


ELECTRICAL ACTIVITY AND INTERNAL SODIUM 203 


 & Katz, 1949; Hodgkin & Huxley, 1952a). In this case one would expect the 


maximum rate of fall of the spike to be roughly proportional to the internal 
potassium concentration, but little altered by changes in external potassium. 
The latter feature has actually been observed in the short-term experiments 
(Table 3). In the long-term experiments (Table 4, upper row of each pair) the 
maximum rate of fall is much reduced in comparison with short-soaked 
muscles in which a mean value of 144 V/sec has been found; this effect is only 
partly due to irreversible deterioration because an appreciable increase is 
observed when the muscles are enabled to extrude sodium and accumulate 
potassium (Table 4, lower row of each pair). It can be seen in Fig. 6 that the 
rate of fall is approximately proportional to the internal potassium concentra- 


? tion in the long-soaked muscles, for which a fairly similar degree of deteriora- 


tion may be assumed. 


DISCUSSION 


The main concern of this paper has been to investigate the electrical activity 
of the frog sartorius when the intracellular sodium is increased above normal 
level, the external sodium concentration in the Ringer being held at 104 mm. 
Accumulation of sodium in exchange for internal potassium has been brought 
about by prolonged soaking in a low-potassium Ringer (Fenn & Cobb, 1934), 
and this process proved to be satisfactorily reversible (Fig. 3) when the 
sodium-rich and potassium-depleted muscles were immersed into a solution 
with higher potassium content (Steinbach, 1940). 

Two features deserve special consideration, and they can be best examined 
in the light of the sodium theory of nervous (and muscular) conduction. _ 

In the first place, the active membrane potential or spike overshoot bears 


a characteristic relation to the logarithm of the internal sodium concentration 


under these conditions. It can be seen from Fig. 5 that the active membrane 
practically behaves as a sodium electrode except when the ratio [Na],/[Na], 
becomes very low, in which case the contribution of other ions to the overshoot 
is no longer expected to be negligible in comparison with the sodium contribu- 
tion (Goldman, 1944; Hodgkin & Katz, 1949). The figures relating to long- 
soaked muscles which have extruded part of their accumulated sodium are 
found to fit the same general relation, and this makes it clear that the experi- 
mental results cannot be explained by deterioration of the muscle fibres in the 
low-potassium Ringer. 

The overshoot of the action potential is thus related in the same way to the 
sodium ratio [Na],/[Na], across the active membrane, no matter whether the 
external sodium concentration (Hodgkin & Katz, 1949; Nastuk & Hodgkin, 
1950; Huxley & Stampfli, 1951) or the internal sodium concentration (this 
paper) is being changed, and it would indeed be difficult to consider these facts 
as mere coincidence. Rather they can be taken as further evidence that the 
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rising phase of the action potential is due to the penetration of a small amount 
of sodium ions discharging the membrane to a value which is generally close to 
the sodium diffusion potential. 

In the second place, the maximum rate of fall of the action potential, which 
is reduced in long-soaked muscles, does increase again when the latter are 
enabled to extrude sodium and accumulate potassium. It seems reasonable 
to suppose that the rate of outward diffusion of potassium ions during the 
falling phase of the spike would be accelerated when the internal potassium is 
increased, and a rough proportionality is indeed observed between the rate of 
fall and the intracellular potassium concentration (Fig. 6). This observation 
actually provides for the recharging of the active membrane by potassium ions, 
the same type of evidence as has been put forward by Hodgkin & Katz (1949) 
for the discharging of the membrane by sodium ions, when they investigated 
the effect of changes in external sodium concentration on the maximum rate 
of rise of the spike. 

SUMMARY 

1. The electrical activity of frog sartorii has been investigated with Ling- 
Gerard micro-electrodes after the muscles had been made to accumulate 
various amounts of sodium in exchange for potassium. 

2. A characteristic relation is found between the overshoot of the action 
potential and the ratio of sodium concentrations across the muscle fibre 
membrane. This relation is similar to the one which has been observed by 
others in experiments where the external sodium concentration had been 
changed. 

3. The maximum rate of fall of the action potential is roughly proportional 
to the intracellular potassium concentration. 

4. These results are consistent with the view that the action potential 
depends on an inward movement of sodium and an outward movement of 
potassium. 

5. In the proper conditions, sodium-rich muscles extrude sodium with 
a half-time of about half an hour and can restore a nearly normal cation dis- 
tribution pattern. 

I wish to express my gratitude to Prof. A. L. Hodgkin for his hospitality and for many stimu- 
lating suggestions, and to Dr P. R. Lewis and Mr A. F. Huxley for their valuable advice. I am 
much indebted to Dr P. R. Lewis for allowing me to quote the polysaccharide experiments. 
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VASOPRESSOR AND OXYTOCIC ACTIVITIES OF THE 
PITUITARY GLANDS OF RATS, GUINEA-PIGS AND 
CATS AND OF HUMAN FOETUSES 


By 8. E. DICKER anp CHRISTINE TYLER 
From the Department of Pharmacology, University College, London 


(Received 27 January 1953) 


It has been shown (Dicker & Tyler, 1953) that the oxytocic activity of pituitary 
glands of bitches decreased independently of the vasopressor activity after 
whelping or lactation, and that in dogs’ foetuses and puppies both activities 
developed at different rates. A similar investigation has now been carried out 
in other domestic animals such as rats, guinea-pigs and cats, and also in 
human foetuses. 

METHODS 

Rats. Normal adult animals of both sexes, females killed after delivery or during lactation, 
and young rats. 

Guinea-pigs. Normal adult animals of both sexes, females killed after delivery or during lacta- 
tion, and young guinea-pigs. : 

Cats. Normal adult animals of both sexes, lactatin females, foetuses, and kittens. 

Human foetuses. 

Preparation and assay of extracts 

The whole of the pituitary gland was dissected out and extracted as described by Heller & 
Zaimis (1949). No attempt was made to separate the posterior lobe from the anterior, as this 
operation proved to be impracticable in foetuses and very young animals. In certain cases, glands 
from several animals or foetuses of the same litter were pooled and extracted together. Asa control, 
saline extracts of fresh posterior lobe were also made, according to Heller’s (1947) technique. 
The two methods of extraction yielded comparable results. The extracts were assayed for their 
vasopressor and oxytocic activities using as standards solutions of vasopressin (Pitressin: Parke 
Davis and Co.) and of oxytocin (Pitocin: Parke Davis and Co.). 

Assay of the oxytocic activity. Holton’s (1948) rat’s uterus method was adopted. The fiducial 
limits of error in twelve experiments chosen at random varied between 3-4 and 34:2%; mean: 
173%, 

Assay of the vasopressor activity. Dicker & Tyler’s (1953) modification of Landgrebe, Macaulay 
& Waring’s (1946) rat’s blood pressure preparation was used. Schild’s (1942\ four-point assay 
method was used for the quantitative determination of the vasopressor activity. The fiducial 
limits of error of the method were between 1-8 and 22-0%; mean: 10-4%. 
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Calculation of the results 
All results were expressed in three ways: mU per gland, mU per 100 g body weight, or mU 


100 cm" body surface. 
The following formulae were used for the caloulation of body surface: 
For the adult rat: 
S=12-54x W*® (Lee, 1929). 
The new-born rat: 
S= 7-61 x (Heller, 1952). 
The adult cat: 
S=10-0 x (Meeh, 1879). 
Adult dog: 


S=6-63 x W°" (Cowgill & Drabkin, 1927; Stewart, 1921). 
Human foetuses: 


S=5-188 x W*"* (Scammon & Klein, 1929). 
Human infants: 


8S =10-98 x (Boyd & Scammon, 1929). 
No formulae are known for adult and young guinea-pigs, cats’ foetuses, and kittens. Their body 


qurface was arbitrarily caloulated socording to Lee’s formula (§ = 12-54 x W*-), 


Statistical treatment. Results are given as means, and their standard errors. ‘Student's ¢ test’ 
for small sample as described by Fisher (1944) was used for estimating the significance of difference 


| of means. The probability P for ¢ was obtained from Fisher & Yates’s (1943) tables. 


RESULTS 
Rats 


Adult rats. In a series of eighteen rats (eleven females and seven males); 
body weight ranging from 140 to 350 g; mean: 230+ 17-3 g (s.z. of eighteen 
observations), the amounts of vasopressor and of oxytocic activities in the 
pituitary glands were 350+ 40-0 (18) and 320+45-0 (18) mU. The ratio of 
vasopressor activity to oxytocic activity was 1-14 + 0-052 (18) (Table 1). The 
amounts of vasopressor and oxytocic activity found in female and male rats 
were not significantly different. 

In female rats killed after they had littered, there was a decrease of the 


 oxytocic activity. The vasopressor activity remained unaffected. Thus the 


tatio of vasopressor activity to oxytocic activity increased from a mean of 
1-14 to 1-73 (t= 4-177) (Table 1). 

In female rats killed after 10-15 days of lactation (mean number of sucklings: 
10) there was a further decrease of the amount of oxytocic activity. Changes 
in the amount of the vasopressor activity were not significant (f=1-422, 
P<0(-2>0-1). The ratio of vasopressor activity to oxytocic activity was 
1-85 + 0-21 (6) (Table 1). 

Young rats. Vasopressor assays of pituitary gland extracts of new-born rats 
were not possible, as intravenous injections of these extracts into rats produced 
invariably a fall of the blood pressure. In rats aged 5 days, however, the mean 
amounts of vasopressor and oxytocic activities of the pituitary gland were 
22-0 and 2-6 mU/gland and the ratio of vasopressor activity to oxytocic 
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_ activity was 8-4. In young rats aged 21 days, the mean amounts of vaso- 
pressor and oxytocic activities had increased to 83 and 61 mU/gland; the 
ratio of vasopressor activity to oxytocic activity had fallen to 1-4, thus 
resembling that of adult rats. 
Guinea-prgs 

_ + Adult guinea-pigs. In a series of six animals of both sexes from a hetero- 

geneous stock (body weight ranging from 250 to 534; mean: 411 g), the amounts 
_ of vasopressor and oxytocic activities ofthe pituitary glands were 600 + 122-0(6) 
and 240+ 70-4 (6) mU. There were wide variations in the amounts of both 
principles: the vasopressor activity varied from 168 to 879 mU, the oxytocic 
activity from 83 to 545 mU. The ratio of vasopressor activity to oxytocic 
activity was, however, in all cases greater than 1; its mean value was 2-43. 
These findings agree with those of Waring & Landgrebe (1950). 

In female guinea-pigs killed either after delivery or during lactation, the 
_ game variability in the amounts of both vasopressor and oxytocic activities 
obtained. The mean ratio of vasopressor activity to oxytocic activity during 
lactation was 3-64 (Table 1). 

Young guinea-yngs. Vasopressor and oxytocic activities were assayed in 


_ three litters, one of full-term foetuses, and two of new-born guinea-pigs 


aged 1 and 6 days. At birth, the mean amount of vasopressor activity was 

145 mU/gland and that of oxytocic activity 14-5 mU/gland. In guinea-pigs 

aged 6 days, the vasopressor and oxytocic principles were 172 and 38-6 mU. 

_ Concurrently, the ratio of vasopressor activity to oxytocic activity decreased 
~ from 10 at birth, to 8-9 in a 1-day-old, and 4-5 in a 6-day-old guinea-pig. 


Cats 


Adult cats. The amounts of vasopressor and of oxytocic activity in the 
pituitary gland of adult cats of both sexes were 3870 +262 (4) and 3250 
+460 (4) mU. This agrees with Phillips & Hare’s (1945) results. The ratio of 
vasopressor activity to oxytocic activity was 1-19+ 0-111 (4) (Table 1). 

The amount of oxytocic activity in the pituitary gland of female cats killed 
after they had been lactating for 2-3 weeks fell to 1024 + 422 (4) mU (¢ =2-450, 
P=(-05). Changes in the amount of vasopressor activity were not significant 
(t= 1-850, P<0-2>0-1). The ratio of vasopressor activity to oxytocic activity 
increased to 2°38 (Table 1). The decrease of the oxytocic activity seemed to 
vary with the number in the litter and the length of lactation. In one cat, 
however, which reared two kittens, the oxytocic activity of the pituitary 
gland was normal and the ratio of vasopressor activity to oxytocic activity 
Was 1-13. 

_ Cats’ foetuses and kittens. Vasopressor and oxytocic activities were assayed 
in one litter of foetuses (age: 56 days), two litters of full-term foetuses and two 
litters of kittens aged 12 and 21 days. In the foetuses, the mean amounts of 
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vasopressor and of oxytocic activities were 53. and 13 mU/gland. The ratio of 
vasopressor activity to oxytocic activity was 4-1. In kittens at birth, the mean 
amounts of vasopressor and oxytocic activities were 160 and 34 mU/gland. 
In kittens aged 21 days, they had increased to'a mean of 610 and 
190 mU/gland, respectively. Concurrently, the ratio of vasopressor activity 
to oxytocic activity had fallen from 4-7 at birth to 3-3. 


Human foetuses 

The vasopressor and oxytocic activities of the pituitary gland of twenty-five 
human foetuses were estimated. The age of the foetuses calculated according 
to Huggett & Widdas’s (1951) formula ranged from 55 to 195 days of uterine 
life. In very young foetuses, dissection of the pituitary gland was impossible. 
A certain amount of tissue found in and around the sella turcica was cut out 
and extracted. In older foetuses from about 110 days onwards, relatively well- 
formed pituitary glands were found; they were dissected out and extracted in 
the usual way. 

Neither vasopressor nor oxytocic activities were found in foetuses younger 
than 70 days; from 70 to about 110 days, both activities could be demonstrated. 
The amounts present, however, were too small to be assayed quantitatively — 
even when up to four samples of hypophyseal tissue were pooled. Quantitative 
assays were possible in more developed foetuses only (from 110 days onwards). 
The amounts of either activity varied widely in foetuses of comparable age. 
For instance, in three foetuses aged 150, 152 and 156 days, the values of 
vasopressor activity were 159, 123 and 182 mU/gland, while those of oxytocic 
activity were 46, 8 and 53 mU/gland, respectively. In all the foetuses 
examined, however, the amount of vasopressor activity exceeded markedly 
that of the oxytocic activity. Both activities increased with age. In a foetus 
of 112 days the vasopressor activity was 53 mU/gland, the oxytocic activity was 
1-9 mU/gland, and the ratio of vasopressor activity to oxytocic activity was 28. 
In a foetus 40 days older, vasopressor and oxytocic activities were 123 mU and 
8-0 mU/gland, and the ratio of vasopressor to oxytocic activity was 15. 
In a foetus of 195 days the ratio of vasopressor to oxytocic activity had further 


decreased to 6. It would appear to be about 1 in full-term babies (Heller & 
Zaimis, 1949). 


DISCUSSION 
It is clear from these results that the neurohypophysis of adult guinea-pigs, 
in contrast with that of adult rats and cats as well as that of dogs (Dicker & 
Tyler, 1953), always contained more vasopressor than oxytocic activity. This 
agrees entirely with Waring & Landgrebe’s (1950) findings; these authors 
suggested that the fact that the ratio of vasopressor to oxytocic activity found 
in guinea-pigs of heterogeneous breed was different from that of other species, 
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implied ‘either that separate excitants are manufactured by the gland or that 
the one substance is not the same in all vertebrates and can even vary among 
individuals of the same species’. The latter view is entirely speculative. The 
former view, on the other hand, finds some support in the following facts: 
in the domestic animals studied the oxytocic activity decreased during 
lactation independently of the vasopressor activity; during foetal life and 
early infancy, the rate of formation of the two activities was markedly 
different. 

The finding that the decrease of the oxytocic activity in rat and cat, as well 
as in dog (Dicker & Tyler, 1953) was most noticeable during normal lactation 
would seem to support the hypothesis of a close correlation between the 
oxytocic activity and the ‘let down’ process of milk suggested by Turner & 
Cooper (1941), Ely & Petersen (1941), Petersen (1942), Linzell (1950), 
Whittleston (1950) and Cross (1951). There would also seem to be some 
relation between the decrease of oxytocic activity and the number of litter- 
mates reared. For the same period of lactation of 15 days, the ratio of vaso- 
pressor to oxytocic activity was 1-2 in a female rat which had reared three 
new-born rats, while it was 2-4 in female rats which had fed ten baby rats. 
Similar observations had been made in bitches (Dicker & Tyler, 1953). The 
ratio of vasopressor to oxytocic activity was 3-4 and 4-0 in two bitches which 
had fed three puppies for 4 weeks, while it was 11-0 in a bitch which had 
reared eight puppies for 3 weeks. This may explain the discrepancy between 


the present findings and those found in goats (Folley, 1952) which in general_{ 


have one or two kids only. 

The pituitary glands of new-born animals (rats, cats and guinea-pigs, as well 
as dogs) always contained more vasopressor activity than oxytocic activity, 
though the amount of the vasopressor activity was markedly smaller than that 
found in adult animals. According to Heller & Zaimis (1949) the ratio of 
vasopressor to oxytocic activity is about 1 in new-born babies as in adults, 
though the absolute amounts of the vasopressor and oxytocic activities are 
much smaller in new-born infants than in adults. These findings led Heller & 
Zaimis (1949) to ask ‘whether the apparent inability of new-born infants to 
concentrate the urine to the same degree as adults’ arose from the lack of 
available hormone. Table 2 shows the mean amounts of both vasopressor and 
oxytocie activities available per 100 cm* body surface. In contrast with what 
was expected, the amount of vasopressor activity in new-born animals is 
hot very much different from that found in adult animals. It is therefore 
most unlikely that the inability of new-born animals to concentrate urine 
can be attributed to a lack of the antidiuretic-vasopressor hormone present 
in the pituitary gland. It could, however, be due either to an inability of 
the gland to respond normally to secretory stimuli or to an insensitivity of 
the kidneys to a normal secretion of neurohypophyseal hormone. 7 — 
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appear (Heller, 1952) that the kidneys of new-born rats are less responsive 
to exogenous posterior pituitary antidiuretic hormone than adults. 

While the neurohypophyseal tissue of new-born animals has achieved 
maturity as to its antidiuretic-vasopressor activity, it is still immature as to 
its oxytocic function. As the main function of the oxytocic activity seems to 
be linked in adult life with parturition and ‘let down’ of milk, it may be 


mU/100 cm* body surface 
‘activity activity 
Adult dogs of both sexes 142 138 
Adult cats of both sexes 168 14] 
Adult rats of both 
Adult guinea- sexes 
Men* 80 
New-born: 
71 4 
Cat 98 16 
Ratt 88 10 
Guinea-pig 76 8 
Baby* 17-0 17-6 


* The results for man and baby have been taken from Heller & Zaimis’s (1949) . Those for 
1949) results were recalculated on is of a mean body weight of 2-4 kg, with a corresponding 

+ The rats were 5 days old. 


surprising to find appreciable amounts of it in the pituitary glands of full-term 
foetuses. It has been suggested that in animals with many foetuses like the 
pig there was a cumulative effect of the foetus’s oxytocic activity which might 
act as an accessory during parturition (Bell & Robson, 1937). The small 
amount of the oxytocie activity of each foetus in the species investigated does 
not, however, support this hypothesis. It is interesting to note that in general 
the depletion of oxytocic activity found in females after delivery was more 
pronounced in the case of small than of large litters. For instance, the ratio 
of vasopressor to oxytocic activity was 1-6 and 1-3 in bitches with five and six 
puppies; it was 3-0 in a bitch with two puppies only. 

Whatever the merit of these speculations, the fact remains that in adult 
female rats, cats and guinea-pigs, as well as in bitches (Dicker & Tyler, 1953), 
the oxytocic activity of the pituitary gland decreases during lactation, 
independently of the vasopressor activity. This observation and that of 
a differential rate of development of the two activities during foetal life and 
early infancy provides some grounds for suspecting that they exist as separate 
entities in the gland. This hypothesis would be strengthened if it could be 
shown that one of the two activities could increase independently of the other. 
This question is now being investigated. 
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SUMMARY 


, 1, The vasopressor and oxytocic activities present in the pituitary gland 
have been assayed in adult rats, guinea-pigs and cats of both sexes, in female 
rats, guinea-pigs and cats killed after delivery and after lactation, in new-born 
rats and guinea-pigs, in cats’ foetuses and kittens as well as in human foetuses. 

2. When compared with standard solutions of Pitressin and Pitocin, the 
ratio of vasopressor activity to oxytocic activity of extracts of the pituitary 
glands of adult rats and cats was 1; it was greater than 1 in adult guinea-pigs. 

3. There was some decrease of the oxytocic activity during parturition; 
during lactation this decrease was very pronounced. The decrease of the 
oxytocic activity occurred independently of the vasopressor activity. 

4. The ratio of vasopressor activity to oxytocic activity of extracts of the 
pituitary glands of foetuses (including human foetuses) and of young animals 
was always greater than 1-0. It was greatest during foetal life; it decreased 
with age. 

We are much indebted to Prof. W. C. W. Nixon for making available some of the material 
investigated. 
We would like to express our thanks to Miss J. Nunn for her technical help. 


One of us (S. E. D.) wishes to express his thanks to the Medical Research Council for a grant 
defraying part of the expenses of this work. 
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THE SPREAD OF FAILURE OF CONDUCTION IN 
DEGENERATING MAMMALIAN NERVE 


By G. CAUSEY anp C. J. STRATMANN 


and University College, London 


(Received 9 February 1953) 


After a peripheral nerve has been cut a number of changes occur in the part 
distal to the site.of section, leading ultimately to failure of conduction. In the 
early stages of degeneration of a mammalian myelinated nerve, the myelin 
retracts from the nodes of Ranvier leaving a considerable area at the node 
ftee from myelin. This retraction involves the nodes in a proximo-distal 
direction from the site of the cut (Causey & Palmer, 1952, 1953). 

The present investigation was undertaken to discover whether the onset of 
failure of conduction also proceeds in a proximo-distal direction. The method 
used was to stimulate the middle part of the degenerating portion of nerves 
cut 24-72 hr previously, recording the action potentials at the two ends. 


METHODS 


on one side sectioned under aseptic conditions. Two ligatures were passed round the nerve, tied 
and the nerve cyt between them. The ligatures were then tied together to maintain the normal 
length of the nerve. The nerve was sectioned within its epineurium and above the main branches 
of the inferior gluteal artery so as to leave a good blood supply. The animals were allowed to 
recover, and at periods from 24 to 72 hr later the degenerating portion of the tibial nerve was 
Stimulated in the middle and the action potentials recorded at the two ends. 

The recording of the action potentials in vivo from the proximal and distal portions of the tibial 
nerve of the rabbit when stimulated just below the level of the knee has been described in previous 
papers (Causey & Schoepfie, 1951; Causey & Stratmann, 1953). The method, as described in the 
latter paper, has been used in this investigation without modification. The unoperated side of 
each rabbit was used as a normal control, the tibial trunk being sectioned in the region of the 
pelvic notch immediately before recordings were made, due care being taken to leave as much as 
possible of the blood supply intact. The response to single stimuli was recorded. 

In the eitro- experiments, the tibial:nerve was excised from the rabbit under urethane anace- 
thesia and placed in a bath of Krebs-bicarb lution (Umbreit, Burris & Stauffer, 1949) through 
which was bubbled a mixture of 95 % O, and 5% CO,. The temperature of the bath was maintained 
at 37°C, The nerve was placed over chlorided silver wire electrodes (0-6 mm) of an exactly similar 
kind to those used in vivo. The nerve was placed so that the portion in contact with the stimulating 
electrodes was in the same region as that used in the in vivo preparations, that is to say the nerve 
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was stimulated in the region below the level of branches coming off at the knee. As recordings at 
the distal end were made at the level of the ankle before any further branching occurs the same 
fibres were stimulated in the two directions. The compound action potential was recorded about 
2-5 om on either side of the stimulating electrodes. The nerve was stimulated with single stimuli 
of 80 psec duration and the nerve and electrodes were raised out of the Krebs-bicarbonate solution 
when recordings were being made. Monophasic recordings were made by crushing the nerve at 
the positions of the two electrodes furthest from the stimulating electrodes at each end. The bath 
was covered with a Perspex box in order to maintain a moist atmosphere around the nerve during 
the short periods when recordings were being made. In each experiment the tibial nerve from the 
normal side was examined first. 
RESULTS 
In vivo recordings 

Fig. 1 shows the records of the action potentials obtained from the degenerating 
portion of the tibial nerve of the rabbit when Hours Proximal Distal 
stimulated in the middle and the action poten- 

tials recorded at both ends. Records weretaken © AA 

at 24, 40, 48, 60 and 72 hr after nerve section. 
Those records labelled ‘ proximal’ were recorded 

in the mid-thigh region at least 2 cm below the as a 
site of the cut; those labelled ‘distal’ at the level oe 
of the ankle. That there was an adequate blood 
supply in all parts of the nerve under examina- - 
tion was shown grossly at the end of the “ “~“\“~ 
experiment by cutting the nerve at the positions _ 

of the electrodes and observing the blood oozing 
from the cut. In order to show that simple * %“—~\—— 
mechanical irritation was not responsible for any 
of the effects observed, two experiments were 
carried out in which cotton was passed round 
the tibial trunk within the epineurium and tied 
loosely without cutting or crushing the nerve. 
The animals were allowed to recover and the 72 w——— ~~ 
nerve examined 48 hr later. No difference from 

the normal nerve could be detected. ATTY 


It can be seen from Fig. 1 that after 24 hr Fig. 1. Oscillographic aes of 
degeneration the action potentials at the two degenerating rabbit tibial nerve 
ends were roughly the same in size and do not tion potentials taken in vivo. 
differ in any appreciable way from that at 0 hr. 
At 40 hr the proximal potential was observed those labelled ‘distal’ at the region 
to have diminished considerably in magnitude of the ankle. The nerve stimulated 
when compared with the distal end and with _elow the knee. Time after cutting 
the proximal potential of a normal nerve. It pees pin, orem, 


fails before the distal. Time record, 
was also observed that at 40 hr the distal 5000 c/s throughout. 
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: potential was larger than normal. After 48 hr the proximal potential was 


observed to have diminished still further, whereas the distal potential was 


_ approximately the same as that in normal nerve. At 60 hr a further decrease 


of the proximal potential had taken place but the distal potential had also begun 
to diminish. At 72 hr no potential was recorded at the proximal end, while 


that at the distal end indicated that only an extremely small potential 


was still present. 


In vitro recordings 

Fig. 2 shows an exactly similar series of experiments to those illustrated in 
Fig. 1 except that the nerve was excised and placed in the in vitro chamber for 
stimulation and recording of action potentials. Examination of Fig. 2 shows 
that the phenomena observed in vivo can be reproduced in vitro. 

Owing to the difficulty of making quantitative measurements of diphasic 
compound action potentials the experiments were repeated using monophasic 
action potentials. Fig. 3 shows a typical series of records taken at 24, 40, 48, 
60 and 72 hr after nerve section. Two types of measurement have been made. 
The maximum spike height of the compound action potentials at the two ends 
has been measured in millivolts, and secondly the area under the curve has 
been measured with a planimeter. A number of observations at each time 
were made, the spike heights and areas measured at the proximal and distal 
ends, Table 1 shows the mean maximum spike heights expressed in millivolts, 
together with the standard errors of the means. Examination of Fig. 3 and 
Table 1 shows that at 0 hr there is little difference between the potentials at 
the two ends. The proximal potential is in fact slightly greater than the distal 
(110%). At 24 hr no change was observed to have taken place either in the 
size of the potentials or their relationship to one another. At 40 hr considerable 
diminution of the proximal potential had taken place while there had been 
a considerable increase above normal at the distal end. The proximal potential 
was around 22%, of the distal at the corresponding time or some 30% of the 
distal potential of a normal nerve. At 48 hr the proximal potential has 
diminished a little further but the distal potential has approximately the same 
magnitude as observed in the normal nerve. At this time the proximal potential 
was around 33%, of the distal potential. After 60 hr the proximal potential 
will be seen to have diminished still further but now the distal potential has 
begun to diminish also, therefore the proximal potential when expressed as_ 
a percentage of the distal becomes 47 %,. After 72 hr both potentials were very 
small and no accurate measurements could be made. 

Table 2 shows the areas under the compound action potentials at the two 
ends. This table shows the same trends as indicated in Fig. 3 and Table 1. The 
progressive decrement of the proximal potential is shown even more clearly 
in Table 2, decreasing from 479 (arbitrary units) to 199 at 40 hr and to 141 at 
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48 hr. The distal potential area increased considerably at 40 hr, but at 48 hr 
was not significantly different from normal. At 60 hr, however, the distal 
potential area was approximately half that at the corresponding end of a 
normal nerve. 

Figs. 1-3 and Tables 1 and 2 thus indicate that failure of conduction of the 
tibial nerve of the rabbit occurs in a proximo-distal direction from the site of 
nerve section. 


| 
Fig. 2. Fig. 3, 
Diphasic recording. The stimulating and recording electrodes were placed in the same relative 
positions as in Fig. 1. The proximal potential fails before the distal. 


Fig. 3. Oscillographic records of degenerating rabbit tibial nerve monophasic action potentials 
as in Fig, 1. 


DISCUSSION 
The failure of conduction in degenerating nerve has been extensively investi- 
gated (Erlanger & Schoepfle, 1946; Gutmann & Holubai, 1950; Rosenblueth 
& Dempsey, 1939; Titeca, 1935; Parker, 1933). There are, however, several 
contradictions apparent in these studies. There are in fact what might be 
termed three schools of thought. The first and more generally held view being 
that degeneration of a nerve after section occurs uniformly along the nerve 
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distal to the site of section and that conduction fails at a certain time after 
section throughout the whole length of the fibre. The second view holds that 
the course of degeneration proceeds centrifugally from the site of the cut, while 
the third believes that degeneration of a severed nerve commences at the 
? periphery and proceeds in a central direction. This latter view was held by 
| Ranvier (1878), Tello (1907) and May (1925a, 5). 

Gutmann & Holubét (1950) hold the view that degeneration occurs uniformly 
along the nerve trunk. They were unable to demonstrate any evidence of a 
centrifugal course of degeneration and obtained a uniform decrement of the 
\ compound action potential at both ends of their degenerating nerves. In their 
in vivo studies they claim that failure of conduction occurs simultaneously at 


action potentials recorded at both ends. Jn vitro recordings. Each entry gives the mean + 
its standard error 
Time after 
* nerve section _ Number of 
(hr) (mV) (mV) observations 
0 7-7+0-41 7-0+0-66 11 
40 2-8+0-95 13-0+0-84 
48 2-7+0-20 8-2+0-24 5 
60 1-7+0-39 3-6+0-68 5 
degenerating tibial nerves of rabbits. The d ting portion of the nerve rican tally 
the middle and the action potential at both ends. Jn vitro Areas in 
arbitrary units. Each entry gives the mean + its standard error 
7 Time after 7 
nerve section Area under — Area under Number of 
(hr) proximal potential § distal potential 
0 479427 419+ 36 8 
40 199+49-1 732 +442 5 
48 141+14 411433 5 
60 56 + 20 209 + 23 5 


4 both ends of a nerve cut only at the proximal end. Erlanger & Schoepfle 
(1946) were also unable to establish any centrifugal course of degeneration but 
observed that failure of conduction appeared at various loci along the de- 
generating nerve, the number of these loci appearing to increase towards the 
distal end of the sectioned nerve. These workers do, however, draw attention 
to the fact that their phrenic nerves conduct so as to produce different heights 
| and areas of the action potentials when the stimulating and recording electrode 
sites were reversed. They dismiss this as being due to some difference in the 
blood supply of different levels of the phrenic nerve in dogs. Their results were 
not definitive and they summarize as follows: ‘The results are compatible with 
abrupt failures of conduction at random loci increasing in frequency peripheral- 
| _ wards, or possibly with failure proceeding centripetally.’ Titeca (1935) obtained 

results which showed that the fatiguability of a nerve increases during 
% degeneration and that this fatiguability proceeds in a centrifugal direction. 


TaBLe 1. Maximum spike height of monophasic compound action potentials of degenerating 
tibial nerves of rabbits. The degenerating portion of the nerve stimulated in the middle and 
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He was not, however, able to discover any proximo-distal decrement of the 
action potential. Parker (1933) and Rosenblueth & Dempsey (1939) obtained 
evidence of the centrifugal course of degeneration. The latter authors found 
an increase in spike potential when the stimulating cathode was moved 
peripherally along the degenerating nerve indicating a peripheral spread of 
degeneration. It seems that by using the method of recording at both ends of 
a nerve from a single site of stimulation it has been possible to obtain a much 
more definite answer to the question of the direction of the progression of the 
failure of conduction. 

It is generally agreed that there is a diminution of spike potential magnitude 
as degeneration proceeds. It is of course notoriously difficult to interpret 
correctly data concerning height or area of compound action potentials. It is 
not possible, for example, to state whether a decrease of spike height or area 
in degenerating nerve is due to the failure of conduction of some fibres or to an 
actual decrease in the magnitude of the action potential in a number of 
individual fibres themselves. It has also been suggested that the diminution 
of spike height observed in degenerating nérves is caused in some measure by 
an increased shunting effect between the electrodes (Gutmann & Holubii, 
1950). There is, however, evidence that such changes occur quite early in 
degeneration (within 12 hr) (Weddell & Glees, 1941) and would certainly be 
expected to affect the nerve along its whole length after a period as long as 
24—40 hr. In the results described in this paper it has been shown that at 24 hr 
after nerve section there is no significant difference between the action poten- 
tials recorded at the two ends of the degenerating nerve as compared with 
a normal nerve, and even after 48 hr the distal potential was found to be 
identical with the corresponding potential of a normal nerve. 

The results described in this paper have demonstrated that there is a steady 
diminution of spike potential magnitude during degeneration and that this 
diminution proceeds in a proximo-distal direction. In other words, the course 
of failure of conduction due to changes associated with degeneration of a 
sectioned nerve occurs centrifugally. The figures and tables show that the 
proximal potential begins to diminish between 24 and 40 hr after section of 
the nerve, while that at the distal end does not begin to diminish until between 
48 and 60 hr after section. At 72 hr both potentials have greatly diminished 
and in some instances have almost completely disappeared. 

In a previous paper (Causey & Stratmann, 1953), it has been shown that, in 
experiments lasting up to 8 hr, severance of the axon from its cell body makes 
_ no difference either to the shape and size of the compound action potential or 

to the ability of the nerve to recover after fatigue, provided that there is an 
adequate blood supply to the portion of the nerve under examination. 

The histological studies of degenerating mammalian myelinated nerve of 
Causey & Palmer (1952, 1953) have shown that the myelin retracts from the 
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nodes of Ranvier leaving a large area of the axon at the node free from myelin. 
Their findings have also established that this retraction at the node occurs in 
a proximo-distal direction from the site of the crush or cut. The time course of 
the involvement of the nodes shown by histological methods fits closely with 
the observed order of the decrease of the action potential. In the part of the 
tibial nerve leading to the medial head of the gastrocnemius muscle there is 
evidence of the beginning of involvement of the nodes 2 cm from the site of the 
crush after 48 hr. In the phrenic nerve at 48 hr where the lengths are com- 
parable with those used in the tibial nerves there is considerable elongation of 
the length of naked axon at the nodes 4 cm peripheral to the crush, but the 
nodes 7-8 cm from the crush still show no significant alteration from the 
normal, and it is only between 60 and 72 hr that involvement of these more 
distal nodes is demonstrable. It must be borne in mind, however, that in the 
histological technique used by Causey & Palmer the nodal retraction must be 
of the order of 5y before it can be observed histologically. It would seem 
probable, however, that there are changes at the nodes occurring in a proximo- 
distal direction smaller than can be observed histologically by the present 
technique but which could conceivably be sufficiently large to affect the con- 
duction of the impulse along the nerve fibres. 

Since the suggestion of the saltatory nature of conduction by Lillie (1925) 
this mode of conduction of the impulse has been firmly established by Erlanger 
& Blair (1934, 1938), Tasaki & Takeuchi (1941), Huxley & Stampfli (1949) and 
Hodgkin (1951). In the theoretical analysis made by Rushton (1951) it can be 
seen that in a nerve fibre the axial current varies directly as the area of the 
nodal membrane. As the increase in area continues, a failure of conduction 
would be expected to occur when the gap at the node reached such proportions 
that it was incapable of being excited by the immediately preceding node. 
The findings obtained support this. 

The initial increase in the spike height shown so clearly at the distal end of 
the 40 hr degenerated nerves is similar to that observed by Rosenblueth & 
Dempsey (1939) and also to that obtained by Heinbecker (1929) under con- 
ditions of partial anoxia. The reason for these effects is not clear. It might be 
due to partial anoxia resulting from an incipient failure to utilize oxygen 
rather than a diminished vascularity. Or it might be due to early changes in 
the axoplasm leading to a reduction in its longitudinal resistance. 

It appears likely that the spread of retraction of myelin from the nodes of 
Ranvier during the early stages of degeneration of a mammalian myelinated 
nerve is responsible for the progressive failure of conduction down the length 
of the nerve distal to the site of section. . 
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SUMMARY 


1. The tibial nerve of rabbits has been cut at the hip and allowed to 
degenerate in situ. At periods of from 24 to 72 hr after operation the distal 
stump of the degenerating nerves has been stimulated in the middle and the 
compound action potentials recorded at the two ends. Recordings have been 
made both in vivo and in vitro. 

2. As degeneration proceeds there is evidence of failure of conduction in 
the proximal end of the degenerating portion before there is in the distal. 
A marked diminution of the proximal potential (70%) occurred after 40 hr 
degeneration. The distal potential did not diminish until after 60 hr de- 
generation. 

3. These results indicate a centrifugal course of failure of conduction in 
a degenerating nerve. 

4. The findings are discussed in relation to saltatory conduction and the 
proximo-distal spread of retraction of myelin from the nodes of Ranvier during 
degeneration. 

We wish to thank Prof. J. Z. Young, F.R.S., for his interest and advice throughout the course 
of this work. The work was carried out with the assistance of a grant provided by the Nuffield 
Foundation. We also wish to thank Mr J. Armstrong and Miss R. Proudlock for assistance with 
the photography. 
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INDIVIDUAL VARIATIONS IN THE METABOLIC COST 
OF STANDARDIZED EXERCISES: THE EFFECTS OF 
FOOD, AGE, SEX AND RACE 


By K. MAHADEVA, R. PASSMORE anp B. WOOLF 


From the Departments of Public Health and Social Medicine and of 
Animal Genetics, University of Edinburgh 


(Recewed 28 October 1952) 


A provisional yardstick of human calorie requirements has been provided by 
a report from the Nutrition Division of the Food and Agricultural Organiza- 
tion (F.A.O.) of the United Nations (1950). In a world beset with food short- 
ages and an increasing population this is of great practical importance. 

The report draws attention to several gaps in fundamental physiological 
knowledge. Thus the variation in the Basal Metabolic Rates (B.m.R.), the 
foundation upon which standards for human energy requirements have been 
built, is not well-defined in different population groups. Recently Quenouille, 
Boyne, Fisher & Leitch (1951) have made a new assessment of normal B.M.R. 
standards in relation to sex, stature, age, climate and race. Robertson & Reid 
(1952) have made measurements of the B.M.R.’s of a large series of the British 
people. These authors have discussed body size, age, sex and race in relation to 
B.M.R.’s. We now have a good body of data on this subject, but there is little or 
no data of the effect of these factors on the metabolism during muscular 
activities. If metabolic variations of the same order occurred during exercise, 
they would profoundly affect the food requirements of a population. 

In the present investigation we have studied the energy expenditure of 
fifty persons of varying size and age, male and female, European and Asiatic, 
during the carrying out of two different standard muscular activities. The 
first one was a stepping test in which there was measurable external work 
performed in raising the body weight and the second was walking, an ordinary 
everyday activity. In these two activities the movements involved are those 
to which the subjects are of necessity accustomed in every-day life, and so 
should be little affected by training or practice. 

A statistical analysis of our data shows that energy expenditure during 
stepping or walking can be very closely predicted from a knowledge of body 
weight, and that no significant increase in precision is gained by also taking 
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into account height, age, sex, race or resting metabolism. In the case of 
_ stepping, energy expenditure may be taken as directly proportional to body 
weight. In walking, the regression line is also linear but does not pass through 


the origin. 


METHODS 


Energy utilization was determined by indirect calorimetry. Basal and resting metabolic rates 
were measured either with a Benedict-Roth spirometer, assuming an 8.9. of 0-8, or a Douglas bag. 
Rates for stepping and walking were obtained with the Kofranyi-Michaelis calorimeter (Orsini & 
Passmore, 1951). This was regularly checked against the Douglas bag method. Gas analyses were 
carried out in duplicate, using the Haldane gas analysis apparatus. 

The subjects were chosen from a variety of walks of life: most were either laboratory technicians 
or post-graduate students, but a few were still at school and some were inmates of a home for old 
people. After an explanation of the nature of the tests, they rested for 30 min and then a recording 
of respiration was made on a Benedict-Roth drum, whilst the subject was recumbent. If a regular 
respiratory rhythm was shown in the tracing and the subject was breathing smoothly, the test 
was made immediately. Some ten volunteers were clearly restless and unable to breathe easily 
through the mouthpiece. These were rejected: a further four showed irregularities in the tracing 
and in these the tests were repeated on a second day. The remaining forty-six appeared quite at 
ease with the apparatus and these carried out the exercise testa only once. Five subjects were 
accustomed to metabolic work, but showed no marked difference from the remainder. Although it 
is well known that training plays a marked effect on the cost of such complicated activities as 
stationary bicycling, Erickson, Simonson, Taylor, Alexander & Keys (1946) have shown that in 
walking on a treadmill under standardized conditions repetition produces no reduction in meta- 
bolic cost. In these simple tests, with aurselves as subjects, we have found no improvement 
following training. 

Stepping was carried out to a metronome at a rate of 15 steps up and down per minute for 
10 min on to a 10 in. (25-4 cm) stool. This is well within the range of optimum efficiency for 
stepping (Passmore & Thomson, 1950). Walking took place on an indoor track; the subjects walked 
for 10 min at a uniform speed of 3 miles/hr (4-8 km/hr). Si iittala 
experiments ranged from 61 to 70° F. 


Effects of food 

Orr & Kinloch (1921) have carried out a series of experiments on one subject on the effects of 
food on the metabolic cost of walking. The expenditure of energy per unit of work performed was 
influenced by the nature of the preceding meal. Following a high protein diet the increase due to 
work was greater than in the preceding post-absorptive state; after a high carbohydrate diet the 
increase due to work was less than in the preceding post-absorptive state; and after a high fat 
~ meal there appears to be a summation of extra energy expenditure due to food and that due to 
work. We have repeated their experiment on similar lines and also included experiments where 
a mixed diet was used. 

A summary of our findings and those of Orr & Kinloch are given in Tables 1 and 2. Though in 
general our findings confirm theirs, it will be seen that the specific dynamic action only amounts to 
at most an extra 2 kcal/10 min. As the standard deviation of the metabolic cost of these standard 
exercises is of this order, a long series of experiments would be needed to measure the statistical! 
significances of these increases. It will be noted that Table 2 shows that the coefficient of variation 
during exercise is less than the coefficient of variation under basal conditions. As the effects of 
food are so slight, relative to the cost of walking and stepping, it was thought unnecessary to 
carry out our experiments in the post-absorptive state. Instead our subjects reported either in the 
forenoon or afternoon, half an hour after a light meal. They then rested recumbent for 30 min 
before the commencement of observations. 
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The calorie expenditure resting, stepping and walking for periods of 10 min, 
together with particulars regarding age, sex, race, height and weight for the 
fifty subjects are given in Table 3. The weight includes the actual weight of the 
subject, together with that of his clothes and the weight of the Kofranyi- 
|} Michaelis instrument. The apparatus and clothing amounted on an average 


to 7-8 kg. 
TaBie 1. Effect of a previous meal on the calorie 
stepping and walking. Energy expenditure in keal/10 oa 
Subject: K.M., age 41 years, weight 66 kg, height 165 cm 
No. of Standard Ww 
Nature of meal observations Lying stepping (3-0 miles/hr) 
Post-a 9 9-4 40 4l 
High carboh 3 9-6 41 41 
High fat 9-8 40 4l 
i i 12-2 42 42 
) Mixed breakfast 2 10-8 42 41 
Subject: T.B., age 26 years, weight 57 kg, height ae 1921) 
No. of 
Nature of meal observations Lying 
Post-a ive 9 lll 48-8 
High carbohydrate 8 12-9 49-4 
High fat 9 11-9 49-6 
High protein 52-7 
} TaBiE 2. Daily variations in individuals doing standard tasks 
Energy expenditure 
No. of keal/10 min Coeff. of 
observa- 8.E. variation 
Subject Activity tions Mean Range 8.D.. ofmean (%) 
K.M. Basal 10 93 77-107 08 0-2 7-8 
; Standard stepping 9 39-8 34-43 2-0 0-6 4-6 
without fi 
? Standard stepping ll 41-2 39-44 2-8 0-8 5-0 
after food 
Walking 3-0 miles/hr 8 41-0 37-43 2-2 0-7 5-1 
without food 
Walking 3-0 miles/hr ll 41-1 37-44 3-4 10 8-2 
after 
T.B. Basal 9 11-0 10-2-12-1 0-7 0-2 6-5 
Walking 3-4 miles/hr 18 488  45-8-51-6 2-8 0-6 
without food : 
0-4 4-4 


Walking 3-4 miles/hr 24 50-5 458-546 2-2 
after food 


The findings of an exhaustive statistical analysis are summarized in Table 4. 
Multiple regression equations were calculated in which weight, height, age, 
| sex, race and resting metabolism were simultaneously taken into account. In 

the case of sex, the ‘dummy variate” method was used, males being scored one 
and females zero. For race, a joint regression and analysis of covariance 
15-2 
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technique was employed. The significance of the constant term in the regres- 

sion was also assessed by testing whether there was any significant increase in 

the residual mean square when the line was constrained to pass through the 


Taste 3. Calorie expenditure resting, stepping and walking 


keal/10 min 
cane Heigh Standard (3-0 miles/ 
t 
Age Sex Race (kg) (cm) stepping hr) 
41 M. Eur. 89 181 11 51 
41 M. Eur. 84 181 11 51 49 
29 M. Eur. 73 171 10 42 41 
41 M. As. 67 165 10 41 41 
41 M. Eur. 69 181 13 47 42 
20 M. Eur. 69 170 11 41 45 
20 M. Eur. 90 180 11 59 55 
34 M. Eur. 83 182 16 53 52 
41 F. Eur. 69 170 ll 47 46 
22 M. Eur. 84 182 16 51 44 
28 M. As. 62 162 12 43 36 
39 M. Eur. 95 178 16 64 54 
38 M. Eur. 75 172 13 47 41 
37 M. As. 70 164 11 42 40 
48 M. Eur. 92 181 14 58 53 
36 M. As. 85 172 12 56 48 
26 M. As. 89 173 12 53 50 
45 F. Eur. 79 166 11 48 48 
22 F. Eur. 72 165 12 46 39 
31 F. Eur. 64 152 12 44 40 
28 F. Eur. 65 168 10 42 39 
26 M. Eur. 86 187 12 56 46 
14 M. Eur. 48 150 ll 34 37 
13 M. Eur. 56 162 13 41 40 
13 M. Eur. 56 157 12 36 40 
18 F. Eur. 56 157 12 38 38 
21 F. Eur. 56 158 ll 38 34 
20° F. Eur. 62 155 ll 42 36 
24 M. Eur. 69 177 14 46 48 
20 F. Eur. 66 171 ll 47 37 
18 M. Eur. 110 188 18 76 65 
20 F. Eur. 61 157 ll 42 33 
15 M. Eur. 68 166 13 46 46 
17 F. Eur. 64 159 10 42 46 
14 F. Eur. 66 162 12 43 43 
57 M. Eur. 65 168 il 43 40 
32 M. As. 78 172 12 53 50 
64 M. Eur. 95 177 12 67 55 
79 M. Eur. 68 170 13 46 46 
53 F. Eur. 80 158 9 52 48 
62 M. Eur. 76 170 ll 55 52 
34 F. Eur. 65 161 12 47 44 
47 M. Eur. 80 176 10 58 41 
26 M. As. 69 156 10 44 48 
40 M. Eur. 89 188 12 64 60, 
73 M. Eur. 58 162 7 43 36 
38 M. As. 63 162 14 44 39 
22 M. As. 69 171 12 45 39 
15 F. Eur. 60 151 10 38 34 
26 M. Eur. 80 168 12 56 50 
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For stepping, the relation found was very simple. Energy expenditure can 
be taken as directly proportional to body weight. The mean for all the subjects 
was 48-2 keal, s.p.+8-52. After taking weight into account, the residual 


T . analysis of expenditure 


Stepping Walking 
Mean keal/10 min 48-24 44-50 
8.D. 8-52 6-98 
Coefficient of variation (%) 17-7 15°7 
R 
Walking C =0-66 W +3-02, 
Walki C =10-24 + 0-47 W + 3-67, 


where C =gross kcal expenditure in 10 min, W =gross body weight in kg. Last term is standard 
error of estimate. 


Tests of significance for additional terms in regression of calorie expenditure on body weight 
5% point for = 4-04. 
Diversion of regression line from origin 


Height 0-00 
Sexe 0-00 1-14 
2-14 0-05 
i 1-76 0-60 
Resting metabolism 131° 0-77 

4.4 

4 

Regression line. 

70 C=0-66W = 


kcal/10 min 


40 50 60 70 80 90 100 110 
Weight (kg) 
Fig. 1. Energy expenditure during standardized stepping. The dotted lines show twice the 
standard error of estimate. 


‘standard error measured round the regression line is reduced to + 3-02 kcal. 


This is illustrated in Fig. 1, which shows the individual values of energy 
expenditure in relation to body weight, with the regression line drawn in. 
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For walking also, the only variable that need be taken into account is weight. 
The original standard deviation is -+ 6-98 and the standard error of estimate is 
+ 3-67. The scatter diagram and regression line for walking are shown in Fig. 2. 

Table 5 shows the mean total energy expenditure for the 10 min periods for 
the stepping and walking tests for different age groups of males and females, 


C=10-24+0-47W 


*. 
” 50 60 70 80 90 100 110 
Weight (kg) 
Fig. 2. Energy expenditure during walking 3 miles/hr. The dotted lines show twice the 
standard error of estimate. 
Tasie 5, Energy e i during standard stepping and walking. 
“effects of age, sex and race 
e diture 
(keal/10 min) 
Stepping Walking 
No. of 
observa- Mean corrected Mean/ corrected Mean/ 
Age Sex Race tions weight mean 70 kg mean 70 kg 
13-20 M.andF. Eur. 14 66-6 44-6 46-8 42:5 44-6 
21-45 Mz. Eur. 12 81:3 52-7 45-4 48-2 41-5 
2145 M. As. 9 72-3 46-8 45-4 43-4 42-0 
21-45 Eur. 7 68-3 44-4 45-6 41-4 42-5 
46-79 M.andF. Eur. 8 76-7 52-8 48-1 46-4 42-3 


Europeans and Asiatics, both uncorrected for weight and corrected to a 
standard gross weight (70 kg). 

Our results indicate that in any physical activity in which a large proportion 
of energy expenditure is used to move the body weight, the metabolic cost is 
directly proportional to the body weight. Factors such as age, sex, surface 
area, race and previous dietary, which are known to play an important part in 
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determining individual basal metabolic rates, do not assume sufficient im- 
portance to add to the precision in assessing the cost of such activities. In 
a large number of activities, industrial, domestic and recreational, a major 
part of the metabolic cost is spent in moving the body. Therefore the fact that 
weight is the only important individual variable in determining this cost can 
greatly simplify their assessments. 

It may also be concluded that the stepping test seems to have valuable 
features as a measure of energy expenditure, giving on the average a result 
exactly proportional to weight and having quite a small residual variance 
after weight is taken into account. 


SUMMARY 


1. The metabolic cost of standardized stepping and walking has been 
determined in fifty subjects and shown to be linearly proportional to body 


weight. 


2. Statistical analysis showed that no significant increase in the precision of 
individual assessments is gained by taking into account height, age, sex, race 
or resting metabolism. 


We have to thank the Medical Research Council for an expense grant. 
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FURTHER OBSERVATIONS ON A FACTOR (THE ‘MARSH’ 

FACTOR) EFFECTING RELAXATION OF ATP-SHORTENED 

MUSCLE-FIBRE MODELS, AND THE EFFECT OF Ca AND 
Mc IONS UPON IT 


By J. R. BENDALL 
From the Low Temperature Station for Research in Biochemistry and Biophysics, 
University of Cambridge and Department of Scientific and Industrial Research 
(Received 1 December 1952) 


The author (1952a, b) recently described the effect of a factor, named the 
‘Marsh’ factor after its discoverer (Marsh, 1951, 1952), upon the shortening of 
muscle-fibre models in the presence of adenosinetriphosphate (ATP), and 
showed that such models after they had shortened to the maximum extent 
under load could be made to relax again almost completely by addition of the 
factor and ATP. This effect is similar to the effect originally demonstrated by 
Marsh in a washed muscle-brei system, where addition of ATP alone brought 
about massive gel-volume decrease, but addition in the presence of the factor 
effected an apparent gel-volume increase. 

In the previous paper, the factor had not been isolated from the crude 
muscle extracts in which it was present. Now, however, it has been found 
possible to dialyse the extracts virtually free of phosphorus- and nitrogen- 
containing compounds of low molecular weight and to retain the factor 
activity in the protein fraction. However, after dialysis against isotonic KCl 
(160 mm) alone, the factor appears completely inactive, and can only be re- 
activated by addition of Mg ions. Little reactivation occurs below 2 mm- 
Mg**, and the effect is not sensibly increased above 6 mm. In fact, lower con- 
centrations of Mg** (<1 mm), as used by Sarker, Szent-Gyérgyi & Varga (1951) 
and Perry (1951) in model systems, merely increase shortening by activating 
the fibre. Addition of Ca ion, on the other hand, in concentrations between 
0-2 and 3-0 mm immediately inhibits all factor activity in the presence of 
4 mm-Mg**, and brings about rapid shortening of the muscle, although addition — 
of Ca*+ has no effect on normal shortening in the absence of the factor. 

The effect of addition of Mg*+ explains in part the failure of Marsh (1952) 
and the author (19524) to find any activity in dialysed extracts. This led to the 
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advancing of two alternative hypotheses, one that the factor was:too labile to 
withstand dialysis, and the other that a necessary co-factor of considerable 
molecular weight was dialysed out. These hypotheses are now both demon- 
strably false, since the degree of activity merely depends on the Mg*+ concen- 
tration, the factor itself remaining stable for at least 10 days after dialysis 
(at 0° C). This at once simplifies the problems of isolation and identification. 

Isolation of the factor has so far not been taken further than the removal of 
dialysable substances and of the major part of the globulins of the extracts. 
The latter process occurs spontaneously during dialysis against 160 mm-KCl 
over 3 days at 0° C, a heavy precipitate of proteins appearing after 48 hr. 
After removal of this precipitate, the clear dialysed extract can be shown by 
electrophoresis to contain only a fast-moving component, myoalbumin 
(Bate-Smith, 1937) and a large, but reduced, slow component representing the 
undifferentiated myogen fraction. Further isolation is proceeding. 

This partial isolation of the factor has incidentally made easier the inter- 
pretation of the peculiar lengthening effect first noted on addition of ATP to 
iodoacetate-poisoned frozen fibres (Bendall, 19526), and since encountered in 
glycerol-treated fibres. This effect consists in a preliminary small shortening of 
the loaded fibres followed by a marked lengthening often beyond the initial 
length. This, in turn, wears off more or less slowly, and shortening begins 
once more, gradually gaining speed until the expected maximal shortening of 
the particular fibre-bundle has occurred. This refractory effect occurs, how- 
ever, only at Mg*+ concentrations between 2 and 6 mM, shortening proceeding 
normally at Mg*+ concentrations between 0-2 and 0-6 mm. Moreover, the 
effect is abolished and shortening is accelerated by small concentrations of 
Ca*+ (0-2 mm), although such concentrations have no effect on the shortening 
at lower Mg*+ concentrations (<0-6 mm). These effects closely resemble the 
ionic effects in the presence of the factor, and they strongly suggest that fibres 
which behave in this way still contain the former which is very slowly leached 
- out as shortening proceeds. Moreover, the refractory behaviour is not shown if 
the fibre models are washed for 2-3 hr in isotonic KCl before use. Satisfactory 
shortening then occurs at the higher Mg*+ concentrations (2-6 mm). Two 
additional pieces of evidence support this view: one, that extracts made from 
refractory fibres act in the same way as the Marsh factor; the other that fibres, 
lengthened by addition of ATP and factor, and subsequently washed for 
a short time in isotonic KCl, show identical refractory behaviour on addition 
of ATP and 4 mm-Mg(i,. 

As Marsh found, the factor has a marked depressing effect on the ATP-ase 
activity of well-washed fibres at 4 mm-Mg(l,, reducing it three- to fourfold. 
On the other hand, fibres, insufficiently washed, themselves have a lowered 
ATP-ase activity at 4 mm-MgCl,, but not at 0-5 mm-MgC(l,. Just as in the 
shortening experiments, addition of 0-2 mm-CaCl, caused a marked increase in 
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the ATP-ase activity of fibres in the presence of factor or of refractory fibres 
at 4 mm-MgCl,, raising the activity to and beyond that of washed fibres. In 
fact, in all the ionic conditions studied the ATP-ase activity and the rate of 
shortening go hand in hand. With factor present, whether added or intrinsic, 
ATP-ase activity is low and shortening reduced or absent; with factor absent, 
ATP-ase activity is high and shortening is rapid. 


METHODS 


of glycerol-treated fibres. These were prepared by dissecting strips, 3-4 mm thick and 
5 cm long, from fresh rabbit psoas muscle, pinning them out on cork supports and submerging in 
50% watery glycerol at 0° C, where they were left for periods varying from 24 hr to 6 days, and 
subsequently stored at - 20°C. Up to 6 days, fibres stored at 0° C still show refractory effects on 
addition of ATP at high Mg*+ concentrations. 

For use in shortening experiments, bundles, 0-2-0-5 mm thick, were detached from these stock 
bundles with a scalpel, and tied off with cotton threads at either end, the final length ranging 
from 1 to 2 cm. The total number of fibres included in a bundle varied from about 35 to 150, the 
bundles being from 6 to 12 fibres thick. The detached bundle was placed in cold isotonic KC! 
solution for a minimum period of 10 min before use, in order to wash out the glycerol. 

Measurement of shortening and work done. For this purpose one end of a fibre bundle was 
attached to a rigid support in a small vertical muscle-bath of 10 ml. capacity, and the other to 
a conventional kymograph lever. During the experiments, the bath solution was stirred with a fine 
stream of nitrogen bubbles. The bundles were loaded with 300-900 mg, depending on a rough 
estimate of their thickness by eye, and the length of the bundle noted on a vertical scale attached 
to the bath. At the end of the experiment, the bundle was cut away from the ties and weighed 
after light blotting on filter-paper. The bundle was re-weighed after re-immersing in isotonic KCl 
for 5 min and blotting. The procedure was then repeated. The agreement between three weighings 
is usually + 0-1 mg for weights of fibre between 0-7 and 5-0 mg. The initial mean cross-sectional 
area can then be calculated from the weight and the initial length, assuming a density of 1-0, and 
from this the load/cm.* The mean thickness of the bundles was calculated by assuming a circular 
cross-section. 

pH of test solutions. It was found that shortening and factor activity were unaffected by pH 
over the range 6-8~7-2. Throughout the experiments, therefore, a pH close to 7-10 was maintained 
by adjustment of the ATP solutions to this value, the buffering power of the latter being sufficient 
to keep the pH in this range. 

Preparation and dialysis of the factor. The factor was prepared by homogenizing in a Waring 
blendor 1 vol. of fresh rabbit longissimus dorsi muscle with 1 vol. of 40 mm-KCl containing 
2-5 mm-sodium iodoacetate. The homogenate was allowed to stand at room temperature for 
$ hr to allow synaeresis to occur (cf. Marsh, 1952) and then centrifuged at 3000 rev/min for 20 min. 
The supernatant fluid was filtered through cotton-wool and stored at 0° C, with addition of a drop 
of toluene to prevent bacterial spoilage. From 100 g of muscle approximately 75 ml. of extract 
are obtained. 

To prepare dialysed factor, 50-100 ml. of this extract were placed in a cellophane sac, and 
dialysed against 5 x 2 1. of isotonic KCl (160 mm) during 3 days. Such dialysis reduces the total! 
soluble phosphorus and the non-coagulable nitrogen content of the extract to less than 3% of the 
_ original value. During dialysis, the pH of the extract, originally 6-8-7-1, falls to 6-3-6-5, and this 
brings about a considerable precipitation of protein, mainly globulin. The latter was removed by 
centrifugation at 0° C, after adjustment of the pH of the extract to 7:1 with 0-1N-NaOH. The fina! 
supernatant was stored at 0° C. 

For use in shortening experiments the extracts were diluted 1:1 with isotonic KCl with or 


without 4 mm-MgCl,, according to requirements. Both types of extract can be stored at 0° C for 
7-14 days without loss of activity. 
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Electrophoresis of extracts, Electrophoresis of extracts was carried out in the conventional 
Tiselius apparatus with Schlieren attachment. The bath temperature was +3° C, the voltage 
across the cell 3-9 V/om and the conductivity of the protein solutions 0-0116 mho. The ionic 
strength Of the buffer was 0-184, 0-16 of this being contributed by KCI and the remasinder by 
phosphate. The pH was 6-10. The protein concentration was kept as close to 1% as possible. 

Dialysis against the buffer was carried out at 0° C, 20 ml. of extract being dialysed against 
2 x21. of buffer for 24 hr. This was sufficient to avoid boundary anomalies and ensure attainment 
of the pH of the buffer by the protein solution. 

Measurement of AT P-ase activity. In order to simulate conditions in the shortening experi- 
ments closely and at the same time retain as much accuracy as possible, the following method of 
measuring ATP-ase activity was found most satisfactory. 

500 mg of fresh, frozen or glycerinated psoas fibres were homogenized for 14 min in the Marsh- 
Snow homogenizer (Marsh & Snow, 1950) in 12 ml. isotonic KOl. After standing for 5 min, the 
homogenate was centrifuged at 2500 rev/min for 5 min and the supernatant fluid rejected. A further 


5 min. The homogenate was again centrifuged and the supernatant rejected. 

To the fibre layer was added 10 ml. of the fluid to be tested, e.g. isotonic KClor dilute factor in 
isotonic KCl, and stirred gently in the homogenizer. ATP was then added in the form of the 
neutral sodium salt (3-5-6-5 mg ATP-P in 1 ml.; final ATP concentration 6-9 mm), and left for 
4min. 10 ml. of 10% trichloroacetic acid were added to terminate the reaction, and the whole 
centrifuged and filtered. The final volume was taken as 21 ml. Of this 1 ml. aliquots were removed 
for analysis of inorganic phosphorus by the method of Allen (1940). Blanks and controls appro- 
priate to the experiment were included. At the highest observed rate of turnover (1-5 mg IP 
released in 4 min per 500 mg muscle), a large excess of ATP-P was still present at the end of the 
reaction. 


RESULTS 


The results on the effect of the dialysed factor on the shortening and work done 
in the presence of ATP are given first, since it was from these experiments 
that a knowledge of the effects of magnesium and calcium ions was first 
gained. With this knowledge as a background, it was then possible to study the 
behaviour of partially washed glyéerol-treated fibres towards ATP. It is, 
however, important to note that in the factor-addition experiments the fibre- 
bundles had been washed sufficiently to ensure the maximal shortening 
response to added ATP in the presence of isotonic KCl/4 mm-MgCl, alone. 

The shortening or work done is given as a percentage of the maximum, the 
criterion for which was that the work done by the bundle in 14 min should lie 
in the range 190-250 g.cm/g at a thickness of 0-35-0-45 mm, and a load of 
320-460 g/em*, With this loading a sertonng of 51-59% of the initial length 
should be obtained. 

The ATP concentration was 6 mM throughout, unless otherwise noted. 


The effect on the shortening response of addition of dialysed 
factor and ATP with and without MgCl, and CaCl, 
In Fig. 1, a typical experiment on the addition of dialysed factor is shown. 
The factor had been dialysed against isotonic KCI only, and was diluted for 
use 1:1 with isotonic KCl. 
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First, ATP/KCl/4 mm-MgCl, was added to the muscle, and shortening was 
allowed to proceed until 70% of the maximum expected work had been done 
(6 min). The ATP solution was then removed and replaced by isotonic KCI 
only for 4 min, to prevent further shortening and remove traces of MgCl. 
Dialysed factor +ATP was then added, and the muscle once more started to 
shorten, the addition of factor apparently having no retarding effect. After 


ATP+ 
2 KCI wash | 
KCI wash 
10 min 
5S 0 wm 23 © 4 5O 
Time (min) 


Fig. 1. Effect of dialysed factor on the ATP-induced shortening of glycerol-treated fibres in 
absence and presence of Mg** and Ca**+. The control factor was an undialysed sample from the 
same stock as the dialysed. Concentrations: ATP, 6 mu; KCl, 160 mm; MgCl,, 4 mm; CaCl,, 
0-2 mM. 


7 min, 4 mm-MgCl, was added, and within 15 sec shortening stopped and 
the muscle rapidly lengthened, the work done falling from 82 to 17% of the 
maximum in 5 min. The factor was removed at this point (22 min) and the 
muscle was washed in isotonic KCI only for 10 min. This brought about a slight 
but characteristic shortening (cf. Bendall, 19526). At the end of this time, 
ATP in isotonic KCl only was added (32 min) and shortening began at once. 
After 3 min, 4 mm-MgCl, was added, and this immediately increased the rate 
of shortening; a value of 90°, was reached at 38 min. This response to added 
MgCl, is thus exactly opposite to the effect of MgCl, in the presence of the 
factor. However, whereas lower concentrations of MgCl, (0-5 mm) will stimu- 
late shortening with ATP alone, the characteristic lengthening effect of the 
factor does not occur until the MgCl, concentration is above 1 mm, and only 
becomes marked above 2mm, reaching its maximum at about 4 mm, and 
remaining at this level up to 10 mm-MgCl,. In later experiments, only the 
two critical Mg*+ concentrations, 0-5 and 4 mM, are considered in detail. 

In the above experiment the effect of a control undialysed factor + ATP 
(with 4 mm-MgCl,) is shown (38th min). It will be seen that lengthening began 
soon after addition, the work done decreasing from 90 to 25 % of the maximum 
in 6 min. At this point, 0-2 mm-CaCl, was added, and immediately shortening 
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began, reaching 75% of the maximum in 2 min, and then ceasing. This is 
characteristic of CaCl, addition to undialysed factor, shortening rarely. 
reaching 100%, of the maximum and ceasing abruptly. As will be seen later, 
Ca*+-stimulated shortening does not stop so abruptly in the presence of 
dialysed factor and usually reaches 100%. It should be noted that the CaCl, 
effect is maximal at 0-2 mm, and remains at this level up to at least 6 mm. In 
later experiments, therefore, only the lower concentration will be considered. 


Apparent adsorption of factor on the fibres 


a “Difing the course of the experiments with dialysed factor, it was noticed 


that addition of ATP, after removal of the factor and brief washing with 
isotonic KCI for 1 min, brought about rapid shortening in the presence of KCI 


ATP +dialysed 
+Mg"* 


Time (min) 

Fig. 2. Effect of Mg*+ addition on shortening of fibres after preliminary addition of factor and its 
removal by washing quickly with isotonic KCl for less than 1 min. The muscle was first 
shortened maximally in ATP/KCl/MgCi, (not shown). The factor +ATP was then added at 
time zero to produce lengthening as shown. Concentrations: ATP, 6mm; KCl, 160 mm; 
MgCl,, 4mm; CaCl,, 0-2 mm. 


only, but further lengthening if 4 mm-Mg(l, was added. An experiment of this 


type is shown in Fig. 2. The muscle was first allowed to shorten maximally in 
ATP/KCl/4 mm-MgCl, (not shown in the figure). Dialysed factor, with ATP 
and 4 mm-Mg(l,, was then added (0 min), and lengthening allowed to 
proceed under load until the 9th min, the negative work then amounting 
to 75°% of the maximum. The factor was removed at this point and the muscle 
was washed with isotonic KCl for 1 min. This was in turn removed and ATP in 
isotonic KCl only was added, which at once brought about shortening to 84 % 
of the maximum within 3 min. At this point 4 mm-MgCl, was added; 
shortening ceased within } min and lengthening began, the work done 
decreasing from 84 to 54% in 6 min. Lengthening then slowed down markedly, 
the length remaining almost unchanged for a further 7 min, when very slow 
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shortening began once more, increasing in rate and reaching the maximum 
after a further 14 min. This slow shortening can be greatly accelerated by 
addition of 0-2 mm-CaCl, (dotted curve), just as the lengthening effect of the 
factor can be overcome by CaCl,. 

Thus the whole behaviour of the muscle under these conditions is character- 
istic of its behaviour in the presence of large amounts of added factor, and 
suggests that the latter can be firmly adsorbed on the fibres and can only be 
completely removed by thorough washing in isotonic KCl as in Expt. | 
(Fig. 1). However, it is clear that adsorbed factor is gradually washed out 
during the course of the experiment, since lengthening gradually slows down 
and is superseded by shortening under the conditions of Expt. 2. On the 
other hand, in the presence of large amounts of added factor, no case has been 
recorded of shortening superseding lengthening, at least within 40 min of 
addition. 

The adsorption effect can be demonstrated at any stage of shortening, e.g. 
in two experiments factor was added soon after initial ATP addition and then 
removed; on subsequent addition of ATP/KCl/4 mm-MgCl, lengthening 5°, 
beyond the initial length occurred, and was superseded by slow shortening 
which reached its maximum after 30 min. 


Refractory muscles lengthening on addition of AT P/KC\/MgCl, alone. 
The effect of CaCl, 

The adsorption effects noted above bear a striking resemblance to the 
refractory behaviour on ATP addition first noted in iodoacetate-poisoned 
fibres (Bendall, 19526) and since encountered with glycerinated fibres. This 
effect consists in a preliminary small shortening on addition of ATP in 
isotonic KCl/4 mm-MgCl,, followed by lengthening which continues 10-15%, 
beyond the initial length in extreme cases. The lengthening slowly wears off 
and is superseded by slow shortening which finally reaches the expected 
maximum after 20-30 min. 

The effect can be demonstrated in glycerol-treated fibres after compara- 
tively short washing for 10-20 min in isotonic KCl, after removal from glycerol. 
The behaviour of a pair of fibre bundles from the same stock bundle treated in 
this way is illustrated in Fig. 3a. ATP in isotonic KCl/4 mm-MgCl, was added 
at the start. Both muscles responded by shortening under load for the first 
4-1 min, but then began to lengthen. Muscle 1 started to shorten spon- 
taneously again after 3 min, and was allowed to continue for a further 11 min, 
at which time it had reached 55% of the maximum. To muscle 2, 0-2mm-Ca(Cl, 
was added at 2} min, the muscle responding by shortening immediately and 
rapidly, and reaching the maximum in a further 11 min. CaCl, was not added 
to the first muscle until the 14th min, when it brought about an equally 
marked increase in the rate of shortening. 
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The behaviour of this pair of muscles contrasts markedly with the behaviour 
of the pair in Fig. 36 which were allowed to shorten in ATP + isotonic KCl 
only. In this case, shortening began at once and reached 52%, of the maximum 
in 3 min, with no sign of any lengthening. To muscle 1, 4 mm-MgCl, was then 
added, the muscle responding by ceasing to shorten and then by lengthening. 
The latter gradually wore off and was superseded by shortening once more 
(7th min) which reached 80°% of the maximum at 15 min. At this point, 
0-2 mm-CaCl, was-added, and immediately brought about a marked increase in 


Time (min) 


Fig. 3. Effect of Mg*+ and Ca*+ on shortening of glycerol-treated fibres, washed for a short time 
only in isotonic KCl before use (10-15 min). (a) Muscles shortening in 6 mm-ATP/160 mm- 
KCl/4 mm-MgCl,. To muscle I, no CaCl, was added until 14 min. To muscle 2, 0-2 mm-CaCl, 
was added at 2-5 min. (b) Muscles shortening in 6 mm-ATP/160 mmu-KCl only. To muscle 1, 
4 mm-MgCl, ( =[Mg**+],) was added at 3 min, followed by 0-2 mm-CaCl, at 15 min. To muscle 2, 
0-5 mm-MgCl, (=[Mg**+],) was added at 4 min, followed by 0-2 mm-CaCl, at 7-5 min. 


the rate of shortening. To muscle 2, 0-5 mm-MgCl, was added at the 4th min, 
and this merely produced a slight increase in the rate of shortening, which was 
not changed by subsequent addition of 0-2 mm-CaCl, (7th min) when the 
shortening had reached 80%. 

Thus it is apparent that glycerol-treated fibres, washed for a short time only 
before addition of ATP, behave in a manner entirely reminiscent of fibres with 
factor adsorbed on to them, and are affected by Mg and Ca ions in a quali- 
tatively similar way. 


The effect of washing on the shortening of glycerol-treated fibres” 

When glycerol-treated fibres are washed in isotonic KCl for 2-3 hr before 
use, they respond quite differently to addition of ATP in isotonic KCI +4 mM- 
MgCl, (muscle 1, Fig. 4a). Shortening now occurs immediately, and rapidly, 
and there is no sign of any lengthening. Moreover, the rate of shortening is 
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only slightly increased by addition of 0-2 mm-CaCl, (muscle 2). Whatever was 
responsible for refractory behaviour has evidently been removed by washing. 

However, long-washed fibres also behave differently from refractory fibres 
to addition of ATP in isotonic KCl only, and to subsequent addition of 
Mg(l,. The rate of shortening in ATP + KC! alone is now very slow and there 
is no sign of a spontaneous increase in rate even after 11 min (Fig. 46, muscles 
1 and 2). Addition of 4 mm-MgCl,, and even of 0-5 mm-MgC(l,, however, 
brings about an immediate and enormous increase in the rate of shortening 


0 
Time (min) 

Fig. 4. Effect of Mg*+ and Ca*+ on shortening of fibres washed for a long time in isotonic KC 
(2-3 hr). (a) Muscles shortening in 6 mm-ATP/160 mm-KCl/4 mu-MgCl,. To muscle 1, 
no CaCl, was added. To muscle 2, 0-2 mm-CaCl, was added at the start. (b) Muscles shorten- 
ing in 6 mm-ATP/160 mm-KCl only. To muscle 1, 4 mm-MgCl, (=[Mg**],) was added at 
7 min, followed by 0-2 mm-CaCl, at 9-5 min. To muscle 2, 0-5 mm-MgCl, (=[Mg**],) was 
added at 10 min, followed by 0-2 mm-CaCl, at 16-5 min. 


(muscles 1 and 2, respectively), with no sign of subsequent lengthening, but 
addition of 0-2 mm-CaCl, has no effect on the rate at any stage. Thus it is 
apparent that Mg** is essential for rapid shortening, and is removed, together 
with the substance responsible for the lengthening effect by washing a long 
time in isotonic KCl. On the other hand, CaCl, is not essential for shortening 
in washed muscle and increases the rate only slightly, if at all. 

It can, in fact, be shown by careful washing that an intermediate condition 
can be established such that the muscle shortens slowly in ATP + KCI only, 
but rapidly on addition of small amounts of MgCl, (0-5 mm), and lengthens 
again when the MgCl, concentration is raised to 4mm. All types of graded 
behaviour between the two extremes have been observed, showing that the 
Mg** concentration in the muscle can be reduced, by washing, below the 
critical level necessary for rapid shortening, but at the same time the sub- 
stance responsible for the lengthening effect can still be present. Under such 
conditions, CaCl, once more stimulates shortening. ) 
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Extraction of factor from glycerol-treated fibres 

The facts outlined in the previous sections strongly suggest that the re- 
fractory behaviour of briefly washed glycerol-treated fibres is due to the 
presence in them of intrinsic factor, since not only do they react to Mg*+ and 
Ca*+ in a similar manner to fibres in the presence of added factor, but their 
detailed ionic behaviour can be simulated by controlled adsorption of the 
factor on well-washed fibres. If this is so, it should be possible to prepare 
active factor from such fibres. 

For this purpose, a sample of 1 g of glycerol-treated fibres was washed just 
sufficiently to remove the glycerol, and then extracted by homogenization of 
one part of fibre in five parts isotonic KCl+4 mm-MgCl,, and subsequent 
centrifugation. The resulting cloudy supernatant fluid was added with 6 mm- 
ATP to a well-washed fibre-bundle which had previously shortened under 
load to 100°, of the maximum in ATP/isotonic KCl/4 mm-MgC(l,. (The actual 
shortening was 55°, of the initial length in this case.) In the presence of the 
extract of glycerol-treated fibres the muscle immediately began to lengthen 
again, the final recovery being 60% of the maximum in 10 min, and the actual 
length now being 22°%, of the initial. Similarly, in another experiment with 
rather more dilute extract, 50°, recovery was obtained in 10 min. Dialysis 
of such extracts against 160 mm-KCl/4 mm-MgC(l, for 24 hr did not impair 
activity, and in fact in one experiment gave a greater recovery (90% in 7 min). 
The results, therefore, substantiate the conclusion that glycerol treatment does 
not entirely remove the factor responsible for the lengthening effect, and that 
the refractory behaviour of briefly washed fibres is due to the presence of this 
intrinsic factor which is washed out during the course of the experiment. 


The effect of KCl concentration on factor activity 

Although the effect of KCl concentration on shortening with and without 
factor has not been studied in great detail, sufficient evidence has accumulated 
during the course of the work to show that, although shortening is unimpaired 
at KCl concentrations lower than 40 mm, factor activity falls off markedly 
below this level. 

In four experiments, for example, in which the factor was extracted from 
one part of muscle in six parts 4 mm-Mg(l, only, it was found that shortening 
proceeded normally when a heat-denatured sample+ATP was added to 
a fibre-model. However, addition of a native extract + ATP had no lengthening 
effect, and in some cases even enhanced shortening slightly. Addition of KCI 
in concentrations between 50 and 160 mm had, on the other hand, no detect- 
able effect on the shortening in the heat-denatured sample, but in the native 
sample the normal lengthening effect of the factor was immediately manifest. 
Thus under these conditions, it is clear that shortening is almost unaffected by 
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decrease in KCl concentration and in ionic strength, but that the lengthening 
effect of the factor is absent when the KCl concentration is low and the ionic 
strength is less than about 0-04. It should be noted, however, that factor 
extracts, prepared as above, can be stored, without extra KC! addition, for at 
least 10 days without loss of activity, providing the KCl concentration is sub- 
sequently made isotonic for the actual test. 

These results are not unexpected in view of similar findings of Marsh (1952), 
and merely substantiate his more detailed investigation. _ 


The relation between shortening and the AT P-ase activity of the fibres 

In order strictly to compare shortening and ATP-ase activity under various 
ionic conditions, it is clearly necessary to devise a method of measuring the 
activity of intact fibres. This, however, is almost impossible of achievement at 
the thickness and weight of fibre used in the shortening experiments, since 
there is available no method of phosphorus determination capable of esti- 
mating with sufficient accuracy the 4g or so of inorganic P which would be 
released in 4 min, for instance, from the average fibre bundle weighing 2-3 mg, 
and which would be present in about 5 ml. of bath solution. A compromise had 
therefore, to be made, and the final method adopted was that of Marsh 
(1952), modified to ensure a large excess of ATP during the course of the 
experiment. 

The details of the method have already been given, but it is necessary to 
note here first, that the thorough washing mentioned is essential to ensure 
removal of intrinsic factor, and secondly, that such washed fibres, prepared 
either from fresh, frozen or glycerinated psoas strips, give consistent ATP-ase 
activities under the optimal conditions outlined. For convenience, therefore, 
fibres frozen for 24-48 hr at — 20° C were used throughout. The briefly washed 
fibres mentioned below were prepared by washing with half the quantities of 
KCl used for the more thorough washing, and by carrying through homogeniza- 
tion and centrifugation as quickly as possible. Subsequent estimation showed 
that intrinsic inorganic phosphate which would interfere had been entirely 
removed by the washing. 

In Fig. 5 are shown the results of an experiment in which all the samples 
were prepared from one single psoas muscle. The homogenized fibres were 
treated in three ways: (a) washed briefly with small amounts of isotonic KC, 
(6) washed thoroughly with isotonic KCl, and (c) washed thoroughly, and 
dialysed factor (5 ml. in 10 ml. final volume) added to them. Three sets of ionic 
conditions were studied for each treatment: isotonic KCI only; isotonic 
KCl+0-5 mm-MgCl, ; isotonic KCl +4 mm-Mg(l,. In some cases the effect of 
added CaCl, (0-2 mm only) was also studied. As noted earlier, these Mg*+ and 
Ca*+ concentrations are optimal for the effects to be demonstrated. 

It will be seen from the figure that the ATP-ase activities in isotonic KC], 
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and in isotonic KCl +0-5 mm-Mg(l,, are not greatly affected by the methods of 
pretreatment of the fibres. Similarly, addition of 0-2 mm-CaCl, has no signifi- 
cant effect in isotonic KCl only, although in the presence of 0-5 mau-Mg(l, it 
does stimulate the activity of the washed sample and the sample with added 
factor by 4 and 13% respectively. 

Quite different effects between the treatments are at once apparent, how- 
ever, at the higher MgCl, concentration (4 mm). In the briefly washed sample, 


4 b c 
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Fig. 5. Effect of Mg*+ and Ca** on the ATP-ase activity of (a) briefly-washed and (b) long-washed 
homogenized fibres, and (c) the latter in the presence of dialysed factor. In the last column is 
shown the effect of a factor extract inactive in shortening experiments. ATP-ase activity is 
given in wg/min/g of fibres, and is the average rate for the 4 min duration of the experiment. 
MgCl, concentrations as shown. [ATP]=9 mm; [KCl] = 160 mm; (CaCl,] =0-2 mm; ite effect, 
when present, is shown by cross-hatching. 


the activity falls from 470g/min/g at the low Mg**+ concentration to 140g/ 
min/g at the higher, whereas in the well-washed sample it rises to 540ug/ 
min/g. Similarly, CaCl, addition now increases the activity of the briefly 
washed sample (at 4 mm-MgCl,) from 140 to 710yg/min/g, i.e. by 400%, 
although it only increases that of the well-washed sample from 540 to 600 ug/ 
min/g, i.e. by 11%. | 

Ionic effects, similar to those with the briefly washed sample, are shown on 
addition of dialysed factor to well-washed samples. The factor has little or no 
effect on the activity in isotonic KCl only, and in isotonic KCl+0-5 mm- 
MgCl,, but it reduces the activity in KC1+4 mm-MgCl, from 540 to 300yg/ 
min/g. Similarly, addition of 0-2 mm-CaCl,, which increases the activity of the 
control by only 11%, raises the activity in the presence of the factor by 
110%, i.e. from 300 to 635ug/min/g. Caution, however, is necessary in inter- 
preting the results of addition of factor, since they are complicated by the 
presence in the extracts of an Mg-activated ATP-ase. In Fig. 6, the activity of 
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this enzyme is plotted against Mg*+ concentration, with and without added 
CaCl, (0-2 mm). The activity increases linearly with Mg** concentration and 
CaCl, addition further increases the rate at all concentrations, the increase 
amounting to 10% at the critical concentration of 4mm. Two precautions 
must, therefore, be taken: first, to measure and subtract the contribution of 
this ATP-ase to the total activity in the presence of fibres; and secondly, to 
make sure that apparent inhibition of the fibre ATP-ase by the factor is not 


ATP-ase activity (ug/min/g) 


MgCl, concn. (mm) 

Fig. 6. ATP-ase activity of dialysed factor-extracts, alone, plotted against Mg** concentration, 
with and without addition of 0-2 mm-CaCl,. Activity in ug/min/g of original muscle (= 1-8 ml. 
of concentrated factor extract). The cross (X) indicates the activity of a factor extract found 
inactive in shortening experiments (cf. last column in Fig. 5). [ATP] =9 mm; [KCI] = 160 ma. 


due to competition for ATP by the non-fibre ATP-ase. The former was 
necessarily taken into account in every case. The latter can be ruled out as 
@ serious possibility in two ways: first by the fact that CaCl, activates the 
soluble ATP-ase by only 10%, but the fibre ATP-ase by at least 110% when 
the factor is present; secondly, that long-stored factor preparations which are 
inactive in shortening experiments and which do not inhibit the ATP-ase 
activity of the fibres can still show unimpaired ATP-ase activity on their own 
account (cf. the last block in Fig. 5, and the cross in Fig. 6). It is concluded 
that the effect of the factor on shortening and ATP-ase activity is not due to 
competition for ATP by the ATP-ase contained in the extracts, but to a 
specific effect of some other, as yet unidentified, protein. 

It is clear from the foregoing results that addition of 0-2 mm-CaCl, in the 
presence of 4 mm-Mg(l, is a useful guide to the effectiveness of washing 
procedures in removing intrinsic factor, since it has almost no stimulating 
effect with well-washed muscle but a very marked effect on the activity of 
briefly washed muscle or muscle with added factor. In Fig. 7, the activities of 
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two muscle samples are given, where it was suspected that washing was in- 
complete. The MgCl, concentration was 4 mm throughout. Muscle (a) alone 
had an activity of only 290.g/min/g, but in spite of this, addition of dialysed 
factor reduced the value to 90yg/min/g. Muscle (b) had an activity of 395, 
which was reduced to 230yug/min/g by addition of factor. To muscle (b) 
addition of 0-2 mm-CaCl, increased the activity to 640 in the absence and to 
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Fig. 7. Effect of incomplete washing of homogenized fibres on the ATP-ase activity in 4 mm- 
Mg**, with and without addition of dialysed factor (F), and the effect of addition of Ca*+. 
M =muscle. In sample 6, column 3, M + F’, indicates the effect on fibre-ATP-ase activity of 
first adding dialysed factor alone to well-washed fibres for 5 min, removing it and washing 
briefly with KCl, and then adding 9 mm-ATP in 160 mm-KCl/4 mm-MgCl,. [KCl] = 160 mu; 
[MgCl,]=4 mm. Effect of addition of 0-2 mm-CaCl, indicated by cross-hatching. 


M+F 


M+F 


700 u.g/min/g in the presence of the factor. In both cases the activities in 
CaCl, are of the same order as those given in Fig. 5 for well-washed muscles. 
This shows that these muscles were washed insufficiently to remove intrinsic 
factor completely, although addition of extra factor to them depressed the 
activities even further. 

Another interesting point is also illustrated in Fig. 7 in the last column, 
which shows the activity of a well-washed sample of muscle fibres (b) after 
treatment in the following way. Diluted dialysed factor, alone, was first added 
to the fibres and left with them for 5 min with gentle stirring. It was then 
centrifuged off and the fibres washed very quickly in a small volume of isotonic 
KCl and centrifuged. The washings were discarded, and the fibres were then 
tested for ATP-ase activity in the presence of ATP/isotonic KCl/4 mm-MgCl,. 
The activity was now 195 compared with 395 .g/min/g in the absence of added 
factor. Thus, the factor has become readsorbed to the washed fibres under 
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these conditions just as it does to the muscle bundles in the shortening 
experiments (cf. Fig. 2). This experiment and the experiment in Fig. 2 also 
serve as further proof that the ATP-ase activity of the factor-extracts them- 
selves plays no part in their characteristic lengthening and ATP-ase depressing 
effects, since in these cases the contribution of any soluble ATP-ase in the 
small amount of adsorbed extract must be small in comparison with the 
fibre-ATP-ase activity. 


: 

0 120 

4100 
MgCl, concn. (mm) MgCl, concn. (mm) MgCl, concn. (mm) 


Fig. 8. Comparison of effects of Mg*+ concentration, with and without 0-2 mm-CaCl,, on the 
ATP-ase activity and the rate of shortening of (a) briefly-washed fibres, (b) long-washed 
fibres and (c) long-washed fibres + dialysed factor. The rate of shortening is given as percent- 
age of the maximum/min and is the average rate for the first 2 min of shortening. ATP-ase 
activity is given in ug/min/g of fibres. 


Comparison of the shortening results (Figs. 1-4) with the ATP-ase results 
(Figs. 5-7) under similar conditions, shows that in all cases low ATP-ase 
activity is associated with low rates of shortening, or even lengthening when 
the factor is present, whereas high ATP-ase activity is associated with high 
rates of shortening. This correlation is brought out sharply in Fig. 8, where 
ATP-ase activity and rate of shortening are plotted against MgCl, concen- 
trations with and without addition of 0-2 mm-CaCl,. In this figure, fibres 
which lengthened in the presence of factor are given, for convenience of 
drawing, as having zero rate of shortening. 


The nature of the factor 
The experiments already reported show clearly that (1) the factor is non- 
dialysable, and (2) it is not active in the absence of Mg*+. As it is heat-labile 
and labile if kept under fairly acid conditions, at about pH 4-0, for short 
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periods, it appears likely to be a protein, although whether simple or complex 
has not been decided in these experiments. Its further isolation has proved 
difficult, but has been partly achieved by dialysis against isotonic KCl over 
long periods during which the globulin fraction of the extracts precipitates 
spontaneously and completely, leaving the main myogen fraction and the 
myoalbumin fraction in solution. The globulin fraction on partial re-solution 
shows no factor activity, full activity being retained in the myogen-myo- 
albumin fractions. 

The degree of separation achieved is shown by comparing the electrophoretic 
patterns in Fig. 9, pattern A being obtained from fresh extracts dialysed for 
24 hr only against phosphate buffer (1 =0-184), and pattern B from extracts 


Fig. 9. Electrophoretic patterns of the descending boundaries of (A) fresh factor-extract dialysed 
24 hr against phosphate buffer, and (B) fresh extract, first dialysed for 3 days against iso- 
tonic KCl and then, after removal of precipitated proteins, against phosphate buffer for 
24 hr. The fractions marked a to d are referred to in the text. The phosphate buffer, con- 
taining 160 mm-KCl, had » =0-184 and pH 6-10. Conductivity of the protein solution was 
0-0116 mho. Protein concentration was approximately 1%. Voltage across the cell was 
3-9 V/cm. Bath temperature 3° C. Photographs at 300 min. 


dialysed for 3 days against isotonic KCl, then centrifuged free of precipitated 


_ » protein and finally dialysed against phosphate buffer for 24 hr, as in A. In 


this figure, only the descending boundaries are shown, since the ascending in 
the long-dialysed sample was too obscure to photograph satisfactorily. It is 
seen that of the components of pattern A, marked a, 6, c and d, respectively, 
only 6, with possibly slight traces of c and d, is present in pattern B. In both 
patterns, however, there was at first present a small, but well-defined fast- 
moving component, named ¢ by the author, and having a mobility character- 
istic of Bate-Smith’s myoalbumin (Bate-Smith, 1937; Jacob, 1947). The 
mobilities of the fractions of pattern A can be related to those noted by Jacob 
in his musele extracts (1947) at pH 6-10 as follows: a=n with mobility 
(U)=—0-55; bal+m with U=+0-40; c=K,+K, with U=+1-25; 
with U=+1-9 and e=h with U= +4-2. Fractions a and b are myogens, and 
probably contain many proteins which cannot be separated by electro- 
phoresis. ¢ and d are globulins isoelectric at about pH 5-0, and ¢ is myo- 
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albumin, isoelectric below pH 4-0. The rather more complete separation of the 
proteins, noted by Jacob, can only be achieved in buffers of which the ionic 
strength is contributed predominantly by phosphate. The author, however, 
has found that such buffers tend to give irregular boundaries and consequently 
the mobilities are of doubtful accuracy. Their use was therefore avoided in the 
present work. 

Although it is clear from these results that the factor is present in either the 
myogen or myoalbumin fraction, it has not been found possible to separate 
these fractions further by classical methods and yet retain activity in either. 
However, there is some evidence that myoalbumin is not involved, since 
extracts of glycerol-treated fibres contain little or none of this component and 
yet are fully active. It is likely, therefore, that the factor occurs in the main 
myogen fraction. 


Optimal conditions for shortening and performance 
of work by glycerinated fibres 

In view of the complex ionic effects described, it was thought essential to set 
out optimal conditions for shortening and performance of work, since it is 
only too easy to obtain what appear to be inactive, or only partially active, 
fibre preparations. From the results it seems that the following three sets of 
ionic conditions are optimal: (a) fibres briefly washed in isotonic KCl, and 
made to shorten by addition of ATP in isotonic KCl +0-5 mm-Mg(Cl, ; (b) fibres 
briefly washed and made to shorten by addition of ATP in isotonic KCl with 
4 mm-MgCl, and 0-2 mm-CaCl, and subsequently washed with KCl to remove 
Ca*+; or (c) fibres washed for 2-3 hr in isotonic KCl and made to shorten by 
addition of ATP in isotonic KCl with 0-5-4 mm-MgCl,. 

If shortening alone is to be studied the three systems are equally satis- 
factory, but for factor addition experiments it is desirable to use only systems 
(6) or (c), since it is necessary in such cases to add 4 mm-MgCl,, which itself 
would reveal the presence in system (a) of any intrinsic factor and thus in- 
validate the results. 

With these conditions in mind, it has been possible to study the effect of 
load on work done at various thicknesses of fibre bundle, and to show that the 
latter behave in a manner to be expected from the tension experiments of 
Weber (1952) on single fibres. Thus it was found that the optimal load at a mean 
thickness of 0-28 mm lay between 600 and 750 g/cm? and fell to between 300 
and 400 g/cm? at a mean thickness of 0-56 mm. This finding at once suggested 
that the proportion of active fibres per bundle markedly decreased with 
increasing thickness, since the optimal load/cm* should remain constant 
irrespective of thickness if all the fibres were fully active in shortening. 
However, as there is no direct way of assessing the number of active fibres, it 
had to be assumed, as Weber does from consideration of diffusion rates, that 
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only an external layer, one fibre in thickness, was active in each bundle. 
When this is done, an approximate calculation of the proportion of active 
fibres in bundles of any thickness can be made as follows: it is assumed that 
the bundle has a circular cross-section, and that the mean diameter of the con- 
stituent fibres is 0-04 mm. The diameter of the bundle, 0, is then given by 
2,/(A/m) where A is the cross-sectional area in mm’, and in this thickness there 
are 0/0-04 fibres. In the outside layer of the bundle there are 76/0-04 fibres 
and by definition these are the only active ones. The total number of fibres is 
n@*/0-08", and hence the percentage of active fibres is given by 16/0, or, since 
9=2,(A/m), by 8y(m/A). 

In the loading experiments, mentioned above, the percentage of active 
fibres at a thickness of 0-28 mm will be 56-5 °% of the total, and at a thickness of 
0-56 mm, 28-2% of the total. The optimal loads per cm? of active fibres can 
now be calculated from the observed optimal loads at the two thicknesses, 
and vary from 1060 to 1330 g/cm? at a thickness of 0-28 mm, and from 1060 to 
1420 g/cm* at 0-56 mm. Thus the range of optimal loads/cm? of active fibres is 
almost identical at the two thicknesses, and therefore the above assumptions 
are substantially justified. 

These results compare well with what would be expected from Weber’s 
observations (1952) on development of tension by single glycerol-treated 
fibres. Such fibres develop a maximum tension of about 4000 g/cm*. From 
Hill’s work (1939) on frog muscle the optimal load should be about one-third 
of the latter, i.e. 1330 g/cm?. 

The work done per g of active fibres at loads in the optimal range can be 
calculated in the same way, and is found to be 630 + 70 g.cm (s.E.) over a range 
of thicknesses from 0-28 to 0-56 mm (sixteen muscles). The variation in work 
done appears to be random and not related to the thickness and is, therefore, 
most probably due to the numerous small errors inevitably involved in the 
calculations. 

By lowering the load per cm? of active fibres into the range 800-1000 g the 
work done falls to 550 +50 g.cm/g of active fibres (eight muscles). Further 
lowering of the load to 350 g/cm* reduced the work done to about 240 g.cm/g, 
which is similarly reduced by raising the load above the optimum, e.g. at 
1600 g/cm* the work done is only about 330 g.cm/g. 

Thus under optimal ionic conditions and loads, the fibre bundles behave in 
a reasonably consistent manner if account is taken of the proportion of active 
fibres. The maximum work done per g of active fibre is of the order to be 
expected in a tetanic contraction of living muscle, and is independent of the 
thickness up to 0-6 mm. At greater thicknesses than this it begins to fall off, 
particularly when the proportion of active fibres falls below 25%, and this is 
presumably due to the resistance of the inert — of the fibres to the 
shortening stresses. 
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CONCLUSIONS 

The dependence of the activity of the factor, in inhibiting both the shortening 
of fibres and the activity of the fibre ATP-ase, upon the presence of Mg** in 
concentrations between 2 and 10 ma, and the total abolition of such activity 
in the presence of very low concentrations of Ca**+ (0-2 mm), are in themselves 
interesting phenomena, but they take on an additional importance, in view of 
the many conflicting opinions in the literature on the effect of the divalent 
ions, particularly when they are related to ionic effects on what have here been 
called refractory glycerol-treated fibres. 

Refractory behaviour is easily demonstrated in fibres which have been 
washed for a short time only in isotonic KCl after removal from glycerol, and 
it is identical in its dependence on Mg*+ and Ca*+ concentrations with the 
behaviour of muscles in the presence of added factor, from which it has been 
concluded that it is due to the presence of intrinsic factor in the fibres them- 
selves. Moreover, it can be abolished completely by long washing in isotonic 
KCl, and the shortening of fibres so treated is then enormously stimulated by 
addition of Mg** in all concentrations up to 10 mM, although it is virtually 
unaffected by addition of Ca*+ whether Mg** is present or not. In these cases, 
also, the ATP-ase activity of the fibres is affected by the ionic environment in 
the same way as is the rate of shortening, no case yet being encountered of 
a high ATP-ase activity associated with a low rate of shortening or vice versa. 

These results throw light on the behaviour of glycerol-treated fibre bundles 
as reported, for instance, by Bozler (1952). He has shown that such fibre- 
bundles will develop tension in ATP +isotonic KCl only, but on addition of 
10 mm-MgCl, the tension rapidly falls. On the other hand, addition of CaCl, 
abolishes this relaxing effect of Mg**. This, in terms of tension experiments, is 
an exact parallel to the isotonic work experiments with briefly washed muscle, 
reported here, and implies that intrinsic factor was present in the bundles used. 
It is likely that the Mg**+ effects would have been reversed if the bundles had 
been washed more thoroughly in KCl. 

Similarly, some of Perry’s results (1951) on the ATP-ase activity of fibril 
preparations show what appears to be anomalous activation by Mg(l,. This 
activates the ATP-ase at concentrations up to 1 mm, but at higher concen- 
trations activity diminishes rapidly, the curve having an extremely sharp 
maximum. Perry concluded from this that the higher concentrations of Mg*+ 
were inhibiting the ATP-ase as such, but it seems at least possible from the 
present results that the apparent inhibition was due to intrinsic factor, the 
specific inhibitory effect of which would be manifested only at 1 mm-Mg*+ or 
above. On the other hand, Hasselbach’s results (1952) on the ATP-ase 
activity of purified actomyosin show that the effect of increasing the Mg*+ 
concentration is similar to that reported by Perry with washed myofibrils, 
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and, in this case, it seems rather improbable that intrinsic factor would be 
resent. 

The role of the Ca ion alone has also caused great confusion in nearly all the 
ATP-ase studies reported in the literature and, although its activating effect 
on myosin ATP-ase at high pH values is well-established, its effects on fibre or 
actomyosin systems in the physiological pH range is by no means clear. When 
present alone (at concentrations of 3 mm or below), it has little or no activating 
effect on the fibrillar ATP-ase (Perry, 1951; Sarker e¢ al. 1951) or on the 
actomyosin-ATP-ase (Szent-Gyérgyi, 1947; Mommaerts, 1950) although it has 
maximal effects on myosin ATP-ase (Bailey, 1942). However, Korey (1950) 
apparently found its presence necessary to stimulate full activity of glycerol- 
treated fibres in KCl+10 mm-MgCl,. Similar effects have been noted in the 
present work: it has little or no activating effect by itself on shortening or 
ATP-ase activity at least up to concentrations of 3mm. However, it has 
a marked and specific effect in inhibiting activity of the factor, whether 
intrinsic or extrinsic, at high MgCl, concentrations (4-9 mm) and manifests 
this effect at very low concentrations (0-2 mm). In fact, in some experiments 
not quoted, the effect could just be detected at 0-06 mm-CaCl,. It is concluded 
that apparent Ca*+ activating effects on the actomyosin or fibre ATP-ase 
systems, as reported, for instance, by Bozler (1952), cannot be attributed to 
a direct effect on the ATP-ase itself but to the underlying inhibition of intrinsic 
factor. 

The results have a direct bearing on the controversy over the role of ATP in 
shortening. Two distinct schools of thought have emerged: one school (Szent- 
Gyérgyi, 1947; Mommaerts, 1950; Pryor, 1950) holding that ATP directly 
brings about shortening and that its breakdown occurs during relaxation; the 
other (Weber, 1952; Engelhardt, 1952; Marsh, 1952; Sarker e¢ al. 1951) that 
the energy from ATP breakdown is used directly in shortening and perform- 
ance of work, and that relaxation occurs only when the ATP level is restored. 
The present studies show unmistakably that high ATP-ase activity is always 
associated with high rates of shortening, whereas low activity results either in 
slow shortening or actual lengthening, the latter so far being observed only in 
the presence of the Marsh factor. | 

This correlation of ATP-ase activity with rate of shortening substantiates 
the findings of Marsh (1952) that the anomalous volume increase of breis on 
addition of ATP was associated with low activity in the presence of factor, 
whereas the normal and rapid synaeresis was associated with high activity in 
its absence. In his experiments, however, he used undialysed extracts which 
contain large amounts of phosphate esters, and thus the possibility of phos- 
phate transfer from ATP to one or other such compounds cannot be ruled out. 
In fact, the very low ATP-ase activities of breis in the presence of undialysed 
factor (20-50 .g/min/g) now appear to be due precisely to such transfer, and in 
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particular to competition for the small amounts of ATP used between the 
fibre ATP-ase and the soluble ATP-ase on the one hand and phosphohexo- 
kinase on the other, as shown recently by Webster (personal communication) 
in this laboratory. No such low values are found in the presence of dialysed 
factor, the order being closer to 200g/min/g in its presence compared with 
500 to 600 in its absence. However, as seen above, the former rate is still 
sufficiently low to ensure lengthening in the presence and low rates of short- 
ening in the absence of the factor (e.g. in isotonic KCl only). Thus, although 
Marsh’s conclusions are substantiated qualitatively, there is a large quanti- 
tative difference between his values and the present ones, a difference which 
can be explained by the difficulty of assessing the fate of ATP in the complex 
system he was studying. 

That a reduction of ATP-ase activity by two-thirds can have such a pro- 
found effect on shortening can probably be attributed to a diffusion effect. If 
the rate of diffusion of ATP into the fibres is normally as high as the maximum 
observed rate of activity (i.e. 730ug/min/g), any lowering of this latter rate 
will result in the presence of free ATP in the fibre, and this, when it reaches 
a sufficiently high level, will slow down shortening and manifest the plasticising 
effect attributed to it by Weber (1952). 

The nature of the factor has been only partially elucidated in the present 
work, but sufficiently so to say that it is a functional protein, activated by 
magnesium, occurring either in the myogen or in the myoalbumin fraction of 
the muscle proteins, but more probably in the former. Previous notions of its 
association with a co-factor of high molecular weight and of its lability 
(Bendall, 1952@) are now ruled out in the light of these findings. Its effects 
taken together indicate its relevance in any theory of the contraction-cycle in 
living muscle, since it could act as the main mechanism controlling ATP-ase 
activity and length changes in the resting muscle, could be inhibited by very 
small changes in ionic concentration, and could facilitate the relaxation of the 
contracted muscle on reversal of these changes. 


SUMMARY 


1, Extracts of muscle containing Marsh factor can be dialysed without 
impairing their characteristic lengthening effects on glycerol-treated fibres in 
the presence of ATP, providing that Mg**+ is present at concentrations 
between 2 and 10mm. Ca*+ at low concentrations (0-2 mm) has a specific 
inactivating effect on the factor. 

2. Washed glycerol-treated fibres can partially readsorb added factor, after 
which they respond characteristically to ATP addition by shortening rapidly 
at low, and lengthening at high, Mg**+ concentration. The lengthening is 
inhibited by 0-2 mm-Ca?+. 

3. Briefly-washed glycerol-treated fibres respond to ATP at low Mg** 
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concentrations (<1 mm) by shortening rapidly, and at high concentrations 
(>2 mm) by lengthening. The latter is gradually superseded by shortening. 
Again, addition of 0-2 mm-Ca*+ immediately inhibits the lengthening effect. 

4. Long-washed fibres respond to ATP in isotonic KCl alone by shortening 
slowly and linearly with time. Addition of Mg** in all concentrations between 
0-5 and 10 mm increases the rate of shortening tenfold. Addition of Ca®+ now 
has little or no effect on the rate of shortening. 

5. It is concluded that briefly-washed fibres contain intrinsic factor which is 
gradually washed out as the experiment proceeds. KCl extracts of such fibres 
on re-addition to well-washed fibres show ionic effects typical of the presence 
of factor. 

6. The factor is inactive at low KCl concentrations, even in the presence of 
high Mg**, but can be reactivated by raising the KCl concentration above 
40 mM. 

7. The ATP-ase activity of the fibres and the rate of shortening correlate 
closely under all the ionic conditions studied. 

8. There is present in the factor preparations an Mg*+/Ca?+ activated ATP- 
ase which is shown to play no part in factor activity. 

9. The factor is shown to be an Mg-activated protein belonging either to the 
myogen or the myoalbumin fractions of the muscle-proteins. It is labile to 
heat and acid, but can be stored at 0° C for at least 10 days at pH 6-3~7-2. 

10. Optimal conditions for the shortening of glycerol-treated fibre-bundles 
are set forth. Under these conditions the bundles can perform up to 350 g.cm | 
of work per g, the work done varying inversely with the thickness. 

11. It is concluded that the factor in its lengthening and ATP-ase-depressing 
attributes must play an important role in the contraction cycle of living 
muscle. 


The author wishes to thank Dr G. 8. Adair for his help and advice in the dialysis and electro- 
phoresis experiments. He also wishes to acknowledge the technical assistance of Mr C. C. 
Ketteridge throughout. 

The work was carried out as part of the programme of the Food Investigation Organization of 
the Department of Scientific and Industrial Research. 
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THE ACTIVE ABSORPTION OF AMINO-ACIDS 
BY THE INTESTINE 
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From the Department of Physiology, the Department of Biochemistry, and 
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Gibson & Wiseman (1951) have shown that ligatured loops of rat’s intestine 
in vivo will remove L-amino-acid from the lumen of the intestine faster than 
the corresponding D-isomer. These experiments, however, did not eliminate 
the possibility of metabolism in the intestine itself. Since transfer against 
a concentration gradient is a clear index of active transfer, it was decided to 
use the Fisher & Parsons technique (1949), with isolated rat’s intestine in vitro, 
to show such a transfer. Since our experiments were completed, a preliminary 
report of a similar investigation by Wiseman (1951) has shown that isolated 
loops of rat intestine will transfer the L- but not the p-isomer of alanine, 
phenylalanine, isoleucine and valine against a concentration gradient. 
Matthews & Smyth (1952), in addition, have shown that, when a solution of 
bi-alanine is introduced into the lumen of intact ligatured loops of intestine, 
the L-isomer enters the blood stream faster than the D-isomer. 

The present work confirms the results of Wiseman for L- and p-phenylalanine 
and demonstrates the active transfer of 1- but not pD-histidine. In addition, 


the transfer of peptides has been demonstrated. 


METHODS 


For the in vitro experiments a simplified Fisher & Parsons (1949) apparatus was used. Rats of 
150-200 g weight were fasted for 18 hr. A length of about 40 cm was taken from the upper end 
of the small intestine, just distal to the duodenum, and mounted in the apparatus. The length of 
the loop of intestine was measured at the end of the experiment and results were expressed per 
em length. Some inaccuracy is inherent in this method of expression owing to the gradient of 
activity along the intestine (Fisher & Parsons, 1950). The need for preserving the blood supply 
of the gut until the last moment precluded accurate measurement of the initial length of intestine. 
In forty experiments the average final length of intestine used was 42-2 cm with extremes of 
34 and 56 em. 

In the apparatus 50 ml. of Krebs’s bicarbonate solution, gassed with 5% CO, in O,, was 
eirculated through the lumen (inner fluid) and another 50 ml. was circulated around the outside 


be 
q 
ae 
4 


256 W. T. AGAR, F. J. R. HIRD AND G. 8. SIDHU 


of the loop of gut (outer fluid). It was not found necessary to start the circulation through the 
lumen while the blood supply of the intestine was still intact, as described by Fisher & Parsons. 
The hydrostatic pressure within the lumen was 20-24 cm of water and the temperature of the 
fluid 37-38° C. The phenol red added to the inner circuit by Fisher & Parsons as an indicator of 
leakage between the circuits was omitted owing to the possibility of inhibition of enzymes. An 
unusually rapid rate of transfer of water was relied upon as an indication of leakage; this was 
unmistakable when it occurred, in only three out of forty experiments. 

In all cases both inner and outer fluids contained glucose, 5 mg/ml. Various amino-acids or 
peptides were added either to the inner fluid only or to both fluids and the concentration changes 
in glucose and amino-acids were followed, usually by samples taken at }, | and 2 hr. Experiments 
lasted 1 or 2 hr; at the end of this time both circuits were drained and the volumes measured. 
The amount of fluid remaining in the apparatus was estimated in some experiments by washing 
through with saline and estimating the glucose in the washings. This showed that the residual 
fluid in each circuit was usually 1-5-2 ml. In the absence of direct estimation a figure of 2 ml. 
retained in each circuit was assumed in calculations of the total amount of glucose or amino-acid 
recovered at the end of the experiment. 

At the end of the experiment some fluid was always unaccounted for owing to loss by evapora- 
tion. This amounted to from 0-26 to 1-5 ml./hr from each circuit. The loss was kept near to the 
lower figure in later experiments by maintaining the flow of gas as low as possible. 


Analytical methods 

Glucose, Protein was removed by the addition of 0-2 ml, 0-1 n-NaOH and 1-0 ml. 0-45 % (w/v) 
ZnSO, to the 0-5 ml. sample taken for analysis. After heating in a boiling water-bath for 3 min 
and filtering, the precipitate was washed three times with hot water to make a total filtrate volume 
of 10 ml. The filtrate was then handled according to the method of Hulme & Narain (1931). 

Phenylalanine and glutamic acid. These amino-acids were estimated as CO, in the Warburg 
apparatus by decarboxylation with chloramine-T by a modification of the method described by 
Gibson & Wiseman (1951). The samples were diluted so that 1 ml. aliquots contained about 
7 wmole of amino-acid. The procedure used was as follows: 1 ml. of m-citrate buffer pH 4-7 and 
1 ml. of solution to be analysed were placed in the main compartment. 0-5 ml. 10% (w/v) 
chloramine-T (recrystallized) was placed in the side arm. The reaction is complete in 10 min after 
mixing. It was found necessary to gas with 5% CO, in N, to get consistent analytical results. 
Gassing causes the blank to rise considerably, no doubt owing to the absorption of CO, by the 
chloramine-T. This absorption is complete after 2 min gassing. The blank under these conditions 
is about 80-90 ul., depending on the sample used. For any one sample the variation was +2 jl. 
Recoveries of phenylalanine and glutamic acid were 101 +2-5 and 97:34 1% respectively. 

Histidine. Histidine was estimated by the method of Macpherson (1946); the optical density 
was read 30 min after colour development. Recoveries of histidine were 99 + 2%. 

Chromatographic analysis of inner and outer fluids at the end of the experiments showed the 
presence of only traces of amino-acids other than the one used in the experiment. This establishes 
the validity of the quantitative methods of analysis used to follow transfer of the amino-acids in 


Chromatographic methods 

Samples of inner and outer fluids were concentrated 10 times in a desiccator 
and 21. used for chromatography. The solvent used in the experiments with 
glycyl peptides was propanol—water 80/20 and, in the leucylglycine experi- 
ment, phenol saturated with water. With these solvent systems one-dimen- 
sional chromatography separates the parent peptide and its hydrolysis 
products. In some cases, e.g. the glycylglycine experiment, the chromato- 
grams were also run for twice the normal time (i.e. for 40 hr) with a thick pad 
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clipped to the bottom of the paper. In the case of glycylglycine, identification 
depended not only on the rate of running but on elution and hydrolysis to give 
glycine as its only product. 


RESULTS 
Water transfer 
At a hydrostatic pressure head of 20-24 cm the average rate of water transfer 
from inner to outer circuits (taken as half the difference between the final 
volumes) was 0-17 ml./cm gut/hr (range 0-12—0-23) in thirteen experiments in 
which inner and outer solutions were initially of the same composition. 


Glucose transfer and utilization 

The figures given in Table 1 show that glucose is transferred against a con- 
centration gradient, i.e. it is transferred at a faster rate than water, so con- 
firming the active transfer demonstrated by Fisher & Parsons (1950), and that 
glucose disappears during the experiment. However, it is noteworthy that our 
figures, both for transport and utilization, are about twice those found by 
Fisher and Parsons, though it should be remembered that L-amino-acids were 
also undergoing active transfer in our experiments. 


TaBiLE 1. Glucose balance sheet and transfer against a concentration gradient. 
Average figures from ten experiments. Transfer expressed per cm gut length. 


Extreme values in parentheses 
Glucose disa from 
isappearing inner fluid 3-9 (3-5-4-1) 
Glucose in outer fluid 1-8 (1-3-2-1) 
Glucose ‘ meta : 2-1 (1-5-2-7) 
mg/ml. 


5-00 
Glucose concentration at 1 hr, inner fluid 2-18 (1-35-2-81) 
Glucose concentration at 1 hr, outer fluid 5-68 (5-48~6-10) 


Amino-acids 

Amino-acids were added to both fluids in a concentration of 30 pmole/ml. 
Glucose at a concentration of 5 mg/ml. was also present in every case. The 
changes, if any, in the concentrations of inner and outer fluids were followed 
in time progress experiments by drawing samples at various intervals. It is 
necessary to point out that the concentration of the amino-acid observed in the 
outer fluid is a resultant of the two processes of water transport and amino-acid 
transport. Because the water transferred is lowering the outer concentration 
of amino-acid, the difference between the initial and final outer concentration 
is not a true measure of the amount of amino-acid transferred. The reverse is 
true of the inside concentration. However, at the end of the experiment, the 
amount of amino-acids lost from the inner fluid and gained by the outer could 
be calculated from the final volumes of the fluids concerned. The amount 
PH. OXXI. 17 
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disappearing from the inner fluid was usually the greater, owing to a net loss 
of amino-acids to be discussed later. . 

L-Histidine. In six experiments 1-histidine HCI was initially present in both 
circuits at a concentration of 30 uwmole/ml. (5-75 mg/ml.). After 1 hr the con- 
centration in the inner circuit fell on an average to 23-8 ymole/ml. and in the 
outer circuit rose to 31-9 wmole/ml. For the six experiments the average rate 
of appearance of t-histidine in the outer fluid was 8-6 y~mole/cm/hr with a 
range of 7-5-9-7 umole/cm/hr. It will be seen that L-histidine, like glucose, 
moves across the intestinal wall against a concentration gradient. The results 
of a typical experiment showing the fall and rise in the inside and outside con- 
centrations are given in Fig. 1. 

p-Histidine: In two experiments with p-histidine HCl initially present in 
both fluids the rates of appearance in the outer fluid were 1-3 and 3-7 umole/ 
cm/hr, or, on the average, 29% of the rate for t-histidine. In one experiment 
the concentrations in inner and outer fluids showed no significant change, 
i.e. the amino-acid and water were transferred at the same relative rate. In the 
other experiment the concentration rose in the inner fluid and fell in the outer, 
i.e. the amino-acid was transferred slower than water. p-Histidine was not, 
therefore, transferred against a concentration gradient. 

L-Phenylalanine. In three experiments with L-phenylalanine in both fluids 
at initial concentration of 30 wmole (4-95 mg)/ml. the concentrations at 1 hr 
averaged, inner fluid 27-0, outer fluid 30-5 zmole/ml. The rate of appearance 
in the outer fluid averaged 6-5 umole/cm/hr with a range of 5-3-7-8. In two 
experiments which were carried out for 2 hr the final inner and outer con- 
centrations were, on the average, 26-6 and 32-2 umole/ml. respectively. The 
results of a typical experiment are given in Fig. 2. 

D-Phenylalanine. In two experiments the concentration of p-phenylalanine 
rose in the inner fluid and fell in the outer fluid, indicating that it was trans- 
ferred more slowly than was water. The rates of appearance in the outer fluid 
were 3°6 and 1-8 wmole/cm/hr, or, on the average, 42 % of the rate for t-pheny]- 
alanine. The results of one experiment are shown in Fig. 3. 

L-Glutamic acid. In two experiments with this acid initially present at a 
concentration of 30 zmole (4-41 mg)/ml. in both fluids the concentrations in 
each fluid rose slightly at 1 hr (accounted for by evaporation of water). The 
rates of appearance in the outer fluid in the two experiments were 4-8 and 
6-7 »mole/em/hr. The absence of significant change in the inner fluids shows 
that L-glutamic acid moves across the intestinal wall at the same rate as the 
water in which it is dissolved. 

Net disappearance of amino-acid. In the experiments on phenylalanine and 
histidine a variable amount of amino-acid was not accounted for at the end of 
the experiment. The figures, however, can only be approximate owing to the 
uncertainty of the volume of fluid remaining in the apparatus after drainage. 
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In the case of t-histidine, for which the estimations are more reliable, the net 
loss ranged from 1-7 to 6-8 »mole per cm gut. In five cases estimation of the 
histidine content of the gut at the end of the experiment gave figures of the 
same order, namely 2-6-5-7 mole per cm gut. The evidence therefore indicates 
that the missing histidine was in the intestinal wall and was not metabolized. 


33 
30 

18 | 
4 4 18 i 
0 30 60 90 120 0 30 60 90 120 
Time (min) Time (min) 
Fig. 1. Fig. 2. 


Fig. 1. Transfer of t-histidine by isolated rat intestine and effect of dinitrophenol on the transfer. 
50 ml. Krebs bicarbonate buffer containing 30 umole L-histidine/ml. circulated through the 
lumen and another 50 ml. circulated around the intestine. Dinitrophenol 10-*u. O——o, 
concentration in outer circuit; x x, concentration in inner circuit. 

Fig. 2. Transfer of t-phenylalanine by isolated rat intestine. 50 ml. Krebs bicarbonate buffer 
containing 30 umole L-phenylalanine/ml. circulated through the lumen and another 50 ml. 
circulated around the intestine. © —— 0 , concentration in outer circuit; x x , concentra- 
tion in inner circuit. 


This is supported by the fact that calculation of progressive net disappearance 
over 2 hr of amino-acid in three experiments (two histidine, one phenylalanine) 
showed that all of the net loss occurred in the first 15 min, i.e. the cell contents 
had to be saturated before the amino-acid appeared in the outer fluid. 
In four experiments with i-glutamic acid there was in each case a small 
apparent net gain of amino-acid in the fluids at the end of the experiment. 
Effect of inhibitors. In one experiment neutralized KCN, 0-001 m, was added 
to both fluids. The incoming O,:CO, mixture was bubbled through KCN 
solution to prevent loss of HCN. The rate of water transfer was 0-025 ml./cm/hr, 
17-2 
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or 15°% of the average control figure. t-Histidine, which was initially present 
in both fluids, remained at the same concentration in each throughout 2 hr. 
Glucose could not be estimated because of interference by the cyanide. 

In two experiments dinitrophenol, 10~* m, was added to both fluids. Water 
transfer averaged 0-055 ml./cm/hr, or 32% of the control figure. i-Histidine, 
initially present in both fluids, appeared in the outer fluid at 2-1 and 1-7 umole/ 
cm/hr, or an average of 23% of the rate in the control experiments. The effect 
of dinitrophenol on the transfer of t-histidine is shown in Fig. 1. Glucose 
disappeared from both fluids, more so from the inner. The average net dis- 
appearance was 1-25 mg/cm/hr, or 60% of the average utilization in control 
experiments. 

36r 


30 


24+ 


% 30 60 90 120 
Time (min) 


Fig. 3. Transfer of p-phenylalanine by isolated rat intestine. 50 ml. Krebs bicarbonate buffer 
containing 30 umole p-phenylalanine/ml. circulated through the lumen and another 50 ml. 
circulated around the intestine. O ———O , concentration in outer circuit; x x , concentra- 


tion in inner circuit. 
Experiments with peptides 

The following peptides were tested at concentration of 30 ~mole/ml. and 
were added to the inner fluid only. 

Glycylglycine. The chromatogram in Fig. 4 shows that over 2 hr there is 
progressive hydrolysis of the peptide to glycine in the inner fluid. Over this 
period both glycylglycine and glycine accumulated in the outer fluid with the 
latter predominating. The identity of the substance appearing in the outer 
fluid and assumed to be glycylglycine was established by elution from the 
paper, hydrolysis for 24 hr in 6n-HCI, and detection in the hydrclysate of 
glycine only. In a control experiment with only glycine in the inner fluid no 
such substance appeared, showing that the glycylglycine in the outer fluid 
resulted from transfer and not from synthesis by the intestine. 
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Glycylglycylglycine. Chromatograms showed a progressive hydrolysis to 
glycylglycine and glycine in the inner fluid. However, the tripeptide was not 
detected in the outer fluid. Glycine was again readily transferred. Small 
amounts of glycylglycine were transferred also. 

L-Leucylglycine. Progressive hydrolysis of this peptide also occurred in the 
inner fluid. Traces of the peptide appeared in the outer fluid. Again the 
products of hydrolysis were readily transferred. 


Samples from inner fluid Samples from outer fluid 


60 min 
120 


Glycylglycine 


Glycine 


<— Direction ‘of flow 


Fig. 4. Chromatogram showing the transfer of glycyliglycine by isolated rat intestine. 50 m 
Krebs bicarbonate buffer containing 30 ymole glycylglycine/ml. circulated through the 
lumen and another 50 ml. Krebs bicarbonate buffer without glycylglycine circulated around 
the intestine. The lower part of the chromatogram, which is blank, has been omitted. 


DISCUSSION 

The only indisputable evidence of active transport is movement against a 
concentration gradient not explicable by the Donnan theory. By this criterion 
our experiments showed that the intestine of the rat in vitro actively trans- 
ported L-histidine and .-phenylalanine. 1-Glutamic acid was transported 
without change in concentration; this is consistent either with an active 
mechanism or with passive diffusion. On the other hand, p-histidine and 
D-phenylalanine moved more slowly than water, i.e. with the concentration 
gradient, though this does not formally exclude the participation of an active 
process. There was no evidence of any competition for active transport between 
glucose and amino-acids. 

It is difficult to compare our in vitro results with the in vivo results of Gibson 
& Wiseman (1951). These workers used the last 15 cm of ileum which, according 
to the figures of Fisher & Parsons (1950), is about one-quarter as active per cm 
length in glucose absorption as the 40 cm of jejunum which we used, and may 
possibly be less active in amino-acid absorption also. Again, Gibson & Wiseman 
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(1951) used much higher concentrations of amino-acids in the intestine, and 
presumably the concentration of amino-acid in the blood was lower than that 
in the outer fluid in our experiments. 

Their most comparable figures are for L-histidine and L-glutamic acid, in 
about twice the concentration that we used. The rates of disappearance from 
the lumen of the intestine were 6-7 and 2-5 pmole/cm/hr respectively, com- 
pared with our figures for rates of appearance in outer fluid of 8-6 umole and 
5-7 pmole/cm/hr. Taking the above factors into consideration, the figures are 
of the same order. 

With much higher concentrations than those used by us (5-7 times), Gibson 
& Wiseman found the L/p ratio of the rates of disappearance of histidine and 
phenylalanine from the lumen of the gut to be 6-0 and 5-4, compared with our 
ratio for rates of appearance in the outer fluid of 3-5 and 2-4 respectively, 
though perhaps here the differing conditions would make comparisons 
uncertain. 

The presence of an active mechanism for the absorption of L-amino acids in 
the intestine is further confirmed by the inhibition caused by 2: 4-dinitrophenol. 
When DNP was used the transfer of t-histidine was reduced to 23°%, of the 
normal figure. 

It has been clearly established that some peptides at least can be transferred 
across the intestinal wall. The appearance of hydrolysis products in the outer 
fluid is probably due to the combination of (a) hydrolysis of the peptides on 
the inside to give rise to amino-acids which are then transferred ; (b) absorption 
of the peptides from the inside leading to accumulation inside the cells of the 
intestine and subsequent intracellular hydrolysis. It is possible also that 
peptides transferred to the outer fluid undergo some hydrolysis. Thus any 
peptide appearing in the outer fluid has to survive these hydrolytic processes. 


SUMMARY 

1. By use of the technique of Fisher & Parsons it has been shown that 
isolated rat’s intestine in vitro will transfer the L- but not the D-isomers of 
histidine and phenylalanine across the intestinal wall against a concentration 
gradient. The process is inhibited by cyanide and dinitrophenol. 

2. With a 20-24 cm hydrostatic head, water moves across the intestinal 
wall at an average rate of 0-17 ml./cm/hr. The average rates of transfer of 
L-histidine, L-phenylalanine and t-glutamic acid were 8-6, 6-5 and 5-8 pmole/ 
cm gut/hr respectively. L-Glutamic acid moved across the intestinal wall at 
the same rate as the water in which it was dissolved and therefore did not show 
transfer against a concentration gradient. 

3. The peptides glycylglycine and t-leucylglycine underwent considerable 
hydrolysis during the experiment but in each case a fraction was transferred 
intact. 
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ANTIDROMIC IMPULSES IN THE DORSAL ROOTS 


By J. 8. HABGOOD 
From the Pharmacological Laboratory, University of Cambridge 
(Received 8 December 1952) 


This paper attempts to answer two questions: (a) do the dorsal roots contain 
any ‘recurrent fibres’? and (b) what is the relation between the various kinds 
of antidromic discharge that have been seen in them? Matthews (1934) divided 
the discharges into three categories: (1) slow potential waves, originally 
ascribed to the summation of many slow-fibre action potentials, but later 
identified as the dorsal root potentials; (2) antidromic sensory impulses thought 
to be conducted in and out of the cord in one continuous fibre; and (3) impulses 
from secondary neurones, recognized by their relative independence of the 
form of sensory stimulation. Subsequently, Barron & Matthews (1935ca) 
investigated the properties of the antidromic discharge of group (2) more fully, 
and found that they behaved in every way like the discharges from sense 
organs except that they appeared to be conducted intermittently in the spinal 
cord. This intermittent conduction was shown to be a general property of 
fibres in the dorsal columns, and so did not render necessary the assumption 
that two neurones were involved in the antidromic discharges; these Barron & 
Matthews ascribed to the branching of dorsal column fibres in such a way that 
two branches might leave the cord by two different roots, one containing the 
so-called ‘recurrent fibre’. In another paper (19355) they produced histo- 
logical evidence in support of this concept, and suggested on the basis of it 
that about 30% of sensory fibres might behave in this way. Their work has 
been criticized by Westbrook & Tower (1940) who concluded from their 
degeneration experiments that there are no ‘recurrent fibres’ at all. 

Further criticism of the concept came from Barron himself (1940), who 
suggested that the antidromic impulses might arise from interaction between 
two neighbouring fibres in the dorsal columns, and that their occurrence 
might be an abnormality induced by exposure of the spinal cord. Renshaw & 
Therman (1941) later demonstrated such interaction in the cord, but only when 
it had been freshly sectioned. In that case interaction took place at the cut 
surface, but the effect died away rapidly unless the cord was cooled. 
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Toennies (1938) stated that he could find no recurrent impulses in the dorsal 
roots, but recorded instead massive discharges appearing after a delay in the 
cord of about 4 msec; he called these the ‘dorsal root reflexes’. Their reflex 
origin was immediately questioned by Barron & Matthews (1938a, 5), who 
showed that they only appeared when the cord had been made hyperexcitable 
by cooling. After correlating the beginning of the discharge with the rising 
phase of the dorsal root potential, they suggested that this potential change 
was stimulating the primary sensory fibres at their central terminations. In 
a subsequent paper (1939) Toennies admitted that the temperature of the 
preparation made a big difference, but claimed that even in normal prepara- 
tions some dorsal root reflex was still discernible. 

One indirect piece of evidence in favour of the concept of ‘recurrent fibres’ 
came from some experiments by Sinclair (1949) on referred pain, but apart 
from this the only reason for retaining the idea lies in the character of the 
antidromic discharges themselves—and it must be admitted that this is 
extremely suggestive. Apart from intermittence, Barron & Matthews found 
that impulses could be conducted between two dorsal roots with a one-to-one 
relationship, at a high frequency and with what appeared to be a very short 
delay. At first sight it is difficult to visualize a form of fibre interaction which 
might show these characteristics, but yet the united testimony of other 
workers against the existence of ‘recurrent fibres’ is very strong. It was 
therefore considered worth while to reinvestigate the problem. 


METHOD 


Cats were used in most of the experiments. They were decerebrated under ether and then com- 
pletely curarized with p-tubocurarine; artificial respiration was maintained continuously, and the 
animals seemed to remain in good condition for a long time; one was kept alive in this way for 
more than 11 hr. The whole of the lumbar and sacral regions of the spinal cord were exposed by 
laminectomy, and a few of the dorsal rootlets were dissected free; these were then placed on the 
recording electrodes and, after they had been identified as sensory roots, were cut peripherally. 
The cord, roots and electrodes were immersed in liquid paraffin to prevent drying, and the vertebral 
column was clamped at both ends to ensure that the preparation could not move. In most 
experiments a short length of the sciatic nerve was also exposed, and silver stimulating electrodes 
were looped round it without cutting it. In a few experiments some recordings were made from 
the saphenous nerve before laminectomy. At the end of the dissection the preparation was placed 
in a shielded box fitted with an electric heater; the temperature of the cord was measured con- 
tinuously by a thermocouple. Several experiments were also done on rats and frogs, and the 
procedure was essentially the same. In some frogs no curare was given, and the ventral roots were 
out instead; this made no difference to the results. 

The recording apparatus was a standard condenser-coupled differential amplifier and cathode- 
ray tube, and the recording electrodes were made of platinum wire. The stimulator was a thyratron 
relaxation oscillator which could be synchronized with the time base of the 0.8.T., and the trace 
_ thus produced could be photographed directly on a stationary film. Some records on moving film 
were also made, a Matthew’s oscillograph being used. 
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RESULTS 


The usual procedure was to record from uncut dorsal rootlets and then, when 
they had been positively identified as sensory, to cut them distal to the 
electrodes. After the injury discharge had died down, residual impulses could 
be seen travelling outwards in almost every rootlet in cats, in about three- 
quarters of those tested in rats, and only in about one-quarter of the roots in 
frogs. The results in the three species were broadly similar and will be described 
together, but in general the discharges seen in frogs were much smaller than 
those in the mammals. Some of the discharges were quite random and were 
presumably the secondary neurone discharges (Matthews’s group 3); others 
seemed to be very closely linked with the stimulation of particular end-organs 
and were presumably the antidromic discharges of group (2). When a single 
shock was applied to the sciatic nerve there was often a very large and long- 
lasting discharge of the type described by Toennies; with repetitive stimula- 
tion this discharge tended to become smaller and eventually to disappear. 
Since one of the characteristics of the group (2) antidromic discharges is that 
they can be conducted through the cord at high frequencies, here was a con- 
venient method for distinguishing between the random or irregular impulses 
and those conducted with a one-to-one relationship. Shocks at 25 or 50/sec 
were applied to the sciatic, and the resulting trace on the oscilloscope screen 
was photographed using an exposure of about 10 sec; thus the records showed 
the sum of up to 500 individual tracings, and only the features of these which 
were constant appeared on the records as sharp lines; the impulses which were 
conducted through the cord with a variable delay appeared blurred, and those 
which were conducted intermittently appeared fainter than the others. 
Figs. 1-3 are composed of records of this kind, and in A and B of Fig. 1 are 
shown the effects of prolonged stimulation; A was taken at the beginning and 
B at the end of a period of stimulation, and it will be seen how the early 
features of the trace remain constant while the large irregular discharge in 
A has become small in B. Also revealed by this form of stimulation is the fact 
that there is sometimes a constant element in the irregular discharge itself; 
this has become apparent in B, whereas it was impossible to see it in A. 

In view of the claim that lowering the temperature of the cord may increase 
the size of the discharges from the dorsal roots, a few experiments were done 
on the mammals, in which the temperature of the whole preparation was 
allowed to fall; it was found that the irregular discharges grew larger, as shown 
in Fig. 1C, D; C was taken at 38° C and D at 34-5° C. It will be noted again 
that there is a constant feature of these discharges as illustrated by the first 
large impulse in record C. In other experiments the temperature of the cord 
was always maintained between 37 and 38° C. 

It was observed that the constant deflexions in the records might occur at 
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widely differing intervals after the shock artifact, and either before or after 
the irregular discharges; A and D of Fig. 1 illustrate the two extremes. The 
first stage in their analysis was to separate the conducted impulses from the 
electrotonic potentials spreading along the roots from the cord; this could be 
done in two ways: (1) by moving the position of the recording electrodes, in 
which case the size of the impulses should remain constant while that of the 
electrotonic potentials should alter; and (2) by altering the strength of shock, 


V 


Fig. 1. Superimposed records from the dorsal roots of cats, made during repetitive stimulation 
of the sciatic nerve. A and B, one preparation, at the beginning and end respectively of 
a period of continuous stimulation. C and D, another preparation, C at 38°C; and D at 
34-5° C. Z-H, a third preparation: Z, weak stimulation; F, slightly stronger; G, ditto, some 
minutes later; H, ditto, about an hour later. The shock artifact is always the extreme left- 
hand deflexion in each record. The blurred base-lines in C and D indicate a spontaneous 
random discharge independent of the frequency of stimulation. Time marker in all records at 
300 o/s. 


whereupon the impulses should appear and disappear suddenly while the 
electrotonic potentials should change gradually. In practice it was never 
difficult to distinguish the two, and it was found that all were conducted action 
potentials except the first few waves in each record. Since the dorsal root 
potentials had been cut out by using small coupling condensers in the amplifier, 
these waves were probably those described by Lloyd & McIntyre (1949) and 
ascribed by them to the arrival of the afferent volley. Records £ and F of 
Fig. 1 show the response to slightly differing strengths of stimulation; it will 
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be seen that in F a second spike has suddenly appeared (a conducted impulse), 
whereas the first spike has merely grown, and is hence electrotonic. 

In trying to determine how these impulses arise it is vitally important to 
have an accurate measurement of their delay in conduction through the spinal 
cord; if they are conducted in one continuous fibre there should be no delay ; 
conversely, if there is a delay, then they must either be conducted by some 
devious path or must be transferred from one neurone to another. Their 
conduction velocities in the afferent fibres were therefore measured, either by 
shifting the position of the stimulating electrodes on the sciatic or by 
stimulating the dorsal rootlet by which they entered the cord; the latter was 


Fig. 2. Recording conditions as in Fig. 1. (A and B) and (C and D) represent two different 
preparations. In A and C the stimulating electrodes were on the sciatic, and in B and D they 
were on the dorsal root containing the appropriate afferent fibre. Such records were used in 
the calculation of the conduction velocities of the impulses. 


found by cutting the rootlets one by one until the impulses evoked by stimula- 
tion of the sciatic disappeared. In either case the changes in delay were 
measured, and the conduction velocities calculated after the lengths of the 


sciatic and of the dorsal roots had been found at the end of the experiment. — 


Fig. 2 illustrates two experiments of this kind; A and C were taken when the 
stimulating electrodes were on the sciatic, and B and D when they were on the 
roots. The differences in delay give conduction velocities of the order of 
80 m/sec; from these figures it was possible to work out the expected conduc- 
tion delays through the cord and roots. It was, of course, conceivable that 
sometimes the conduction velocity in the ‘efferent’ root might not have been 
the same as that in the afferent one; by moving the position of the recording 
electrodes it was possible to get a rough estimate of this, and in those experi- 
ments in which it was done the two velocities were of the same order. It was 
also possible that the junction, if any, between the dorsal root fibres might 
have occurred some way up the dorsal columns—indeed such a suggestion had 
already been made by Barron (1940). At the end of each experiment, there- 
fore, the dorsal columns were sectioned progressively nearer and nearer the 
relevant rootlets until the impulses disappeared; sometimes this happened 
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when the cut was several centimetres above the point at which the roots 
entered the cord, Attempts to estimate the conduction velocities of the 
impulses in the dorsal columns were not successful, but it has been suggested 
by other workers that they travel as fast as those in peripheral nerves. There 
is another possible source of error in the fact that section of the cord might 
produce potential or other changes sufficient to block the conduction of 
an impulse at a point a considerable distance away from the cut; this might 
lead to an underestimate of the delay. A further difficulty was that sometimes 
the impulses disappeared when the section was made at the highest exposed 
point of the cord, usually about 8 cm away from the roots in cats; hence in 
later experiments the cord was sectioned at this point before the experiment 
started. 

The conclusion drawn from these experiments was that, even when every 
allowance had been made, the majority of impulses still had an unexplained 
delay of several milliseconds. Only twice in cats were impulses seen with 
a delay of less than 0-1 msec, which was the limit of accuracy of the experi- 
ments; one of these is illustrated in Fig. 1 F-H. In all other cases there were 
residual delays ranging between 1-25 and 10 msec, with an average value of 
about 3 msec. Altogether, recordings were made from about sixty rootlets in 
the mammals, and each of these probably contained at least thirty fibres of 
sufficient size to produce large impulses; it seems reasonable to estimate, 
therefore, that only about two out of two thousand fibres were capable of 
conducting impulses directly from one root to another; such a low proportion 
of aberrant fibres might easily be overlooked histologically. For the remainder 
of the impulses, of which there were many, it seems necessary to assume a con- 
duction pathway of at least two neurones. 

On frogs the results were essentially similar, but in over sixty roots tested 
no undelayed impulses were recorded. The discharges were either irregular, as in 
Fig. 3 A, or regular as in B, but the regular impulses always had a residual delay 
in the cord of 2-3 msec. A few had a very much longer delay (Fig. 3C, D), 
and it was noticed that as stimulation was continued the delay which had 
been constant (as in C) gradually began to increase (D), as can be seen from 
the fact that the impulse has become blurred. The same gradual increase was 
also observed with impulses of short delay, but in these cases it was much 
smaller and more difficult to demonstrate; however, it provides additional 
evidence that conduction did not take place in a single neurone. 

These experiments prove that it is possible for impulses to be conducted 
from one dorsal root to another in an apparently regular fashion quite apart 
from the existence of ‘recurrent fibres’. It now remains to relate these 
findings to those of other workers, and in particular to decide whether these 
impulses are the same as those which Barron & Matthews described as 


originating from single sense organs. 
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It was sometimes noted in cats that when the cord was sectioned near the 
rootlets concerned, a further large action potential would appear on the record 
and persist for a few minutes. This was obviously the phenomenon described 
by Renshaw & Therman (1941) and assigned by them to interaction between 
fibres at the cut surface. The action potentials thus produced could easily be 
distinguished from the others described in this paper, which must therefore 
have been generated by a different form of interaction. As a further control, 
procaine was often injected into the cut surface of the cord, but made no 
difference to the latter kind of impulse unless it spread too far down and 
blocked conduction in a different part of the dorsal columns. 


Fig. 3. Recordings made from frogs (as in Fig. 1). A, electronic potentials and irregular discharge. 
B, another preparation ; the last deflexion is a regular impulse showing intermittence. C and 
D, another preparation ; a regular impulse with a very long delay. C was made at the beginning 
of the experiment, and D about half an hour later; note that in D the impulse has become 
blurred, showing that the delay is now varying. 


The irregular impulses described by Toennies were less obviously distinguish- 
able from the regular ones; indeed, as has already been mentioned (Fig. 1), the 
latter could occur within a group of the former. In order to generate a large 
antidromic discharge from the cord, a synchronous volley of afferent impulses 
was normally essential; thus more activity resulted from a sharp tap on the 
foot than from the application of steady pressure; Matthews correlated this 
with the rate of rise of the dorsal root potential. Nevertheless, that some- 
times these impulses could be generated by the stimulation of only one or two 
afferent fibres was shown by the following experiment: search was made for 
rootlets conducting antidromic impulses aroused by the stimulation of a single 
sensory receptor; the afferent nerve trunks coming from these receptors were 
then dissected, cut and stimulated, and the conduction delays of the impulses 
thus observed were calculated. In all cases there was the usual residual delay, 
and hence there was no reason to distinguish these impulses from those 
observed during sciatic stimulation. Thus the difference between Matthews’s 
antidromic impulses and Toennies’s discharges seems to be quantitative rather 
than qualitative; possibly it lies in the fact that for some fibres the conditions 
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for interaction are peculiarly favourable, whereas others are only excited by 
the larger potential changes produced by synchronous afferent volleys. 
Barron & Matthews found that during appropriate sensory stimulation the 
intermittence of their recurrent impulses was increased, and conduction in the 
fibres of the dorsal columns could be completely blocked. Since in the present 
experiments the whole sciatic trunk was being stimulated, it was conceivable 


Fig. 4. A-C, a secondary neurone discharge from a cat’s dorsal root. A, resting discharge; note 
the intermittent conduction. B, at the end of a period of sciatic stimulation at 7/sec; note 
the inhibition of the discharge followed by its reappearance at a higher frequency than before. 
C, ditto, after stimulation at 25/sec; the subsequent discharge is at an even higher frequency. 
D, a similar discharge seen in a rat. Sciatic stimulation at 25/sec starts at the large deflexion ; 
note that in this case the spontaneous discharge is increased ; in this record the shock artifact 
cannot be seen. Time in #5 and #5 sec. 


that recurrent impulses appeared so rarely on the records because there was 
some such interference with their conduction. However, this is rendered 
unlikely by the fact that discharges from single end-organs continued to be 
conducted even during simultaneous sciatic stimulation. The only occasions 
on which electrical stimulation did stop the discharges were when these were 
random ones, probably arising from secondary neurones. Fig. 4 illustrates 
such a result: A is the intermittent resting discharge before stimulation, and 
B shows the end of a period of stimulation during which the discharge has 
practically ceased; later it returns at a higher frequency than before, and after 
more rapid stimulation this frequency becomes even greater (C). On the other 
hand, in D, which was made from a different preparation, thé random resting 
discharge is increased by sciatic stimulation. These results were not altogether 


‘ 
} 
4 


272 J. 8. HABGOOD 


unexpected since, according to Matthews’s original definition, the secondary 
neurone discharges are influenced more by events within the spinal cord than 
by impulses from sensory receptors. In another preparation the discharge 
could be stopped or started by touching the cord in a particular spot, and 
could then be increased further by sensory stimulation over a very wide area. 
In contrast to what Matthews found, these discharges could show inter- 
mittence just as could the antidromic ones, as is plainly seen in Fig. 4.4; also 
they could occur at high frequencies (up to 150/sec). It is possible that both 
types of discharge may be produced by the same sort of fibre interaction, but 
whereas in one case the fibres may be predominantly peripheral, in the other 
they may be predominantly intraspinal. 

In view of Barron’s suggestion that all these impulses are abnormal 
phenomena induced by exposure of the cord, records H-H of Fig. 1 are of 
particular interest. These were all made successively during the course of a long 
experiment, and it will be seen how the irregular discharge in F is replaced by 
a constant but intermittent impulse in G; this becomes less intermittent and 
is joined by other and hitherto unrecorded impulses in H. The temperature of 
the cord did not vary throughout the experiment, and the only other long- 
term change that was likely to be taking place was deterioration. Barron’s 
view is made more plausible by the fact, described also by other workers, that 
recurrent impulses could only be recorded from the saphenous nerve when the 
cord was exposed. Discharges could, however, be obtained when synchronous 
stimuli were used but, of course, such stimuli are particularly likely to favour 
fibre interaction. In frogs it was frequently noted that at the beginning of an 
experiment no antidromic discharges could be found in a certain root, but that 
as the preparation was left a discharge would gradually grow, reach a maximum 
and then decline. All these results support the conclusion that antidromic 
impulses in the dorsal roots are unlikely to occur in the normal animal, and 
are therefore of only secondary physiological importance. _ 


DISCUSSION 


If, as has been suggested, most of these antidromic impulses have been 
conducted in at least two neurones, it becomes essential to postulate some 
form of fibre interaction which will account for the delay. The delay in onset 
of the irregular discharges described by Toennies may be explained by their 
relation to the dorsal root potentials, but for those impulses which follow high 
frequency stimulation with a long delay, some less promiscuous form of 
stimulus seems to be needed. In the various types of local fibre interaction 
investigated, transmission delays of widely different durations have been 
described; Renshaw & Therman (1941), working on the cord, and Granit & 
Skoglund (1944), working on damaged mammalian nerves, both gave figures 
between 0-1 and 0-3 msec. On the other hand, Jasper & Monnier (1938) 
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described delays of 20 msec between non-myelinated crustacean fibres, while 
Arvanitaki (1940) working on a similar sort of preparation found values less 
than 5 msec, The most suggestive of these experiments were done by Rosen- 
blueth (1941) on myelinated mammalian axons rendered hyperexcitable by 
the application of d.c.; he found delays of between 1-0 and 2-5 msec, which are 
of the right order to account for most of the results of the present investiga- 
tion; in addition, it seems reasonable to suppose that there might be large 
enough potential differences in the cord to provide the right conditions for this 
kind of interaction. 

One difficulty in this explanation, as in most others, is that it requires the 
synchronous activity of several fibres before any transmission can occur; it 
should not be forgotten, however, that a single afferent fibre may branch 
widely after it has entered the cord. It is thus possible that interference with 
another fibre may take place in a region where branches from the two fibres 
continue side by side for some distance, probably in the grey matter where the 
branching and the large potential changes are mainly localized. The com- 
parative rarity of such favourable conditions may account for the fact that 
only a small proportion of fibres show this behaviour, and even then only 
when the cord is slightly abnormal. 

It is not thought that the intermittent conduction described by Barron & 


as that described above; they showed that it could occur during direct 
stimulation of the dorsal columns in circumstances quite independent of the 
existence of antidromic discharges, and without laminectomy. Thus their 
concept of inhibition is not invalidated by the present experiments, but these 
do emphasize the need for care in interpreting results from an exposed spinal 
cord. 


SUMMARY 


1. In 1935, Barron & Matthews described antidromic impulses in the dorsal 
roots, and postulated the existence of ‘recurrent fibres’. This concept has been 
reinvestigated in experiments on cats, rats and frogs. 

2. Recordings have been made from dorsal rootlets, cut peripherally, during 
repetitive stimulation of the sciatic nerve. The large irregular bursts of 
impulses thus evoked gradually die away and reveal a few with a constant 
delay. 

3. This delay has been measured after making due allowance for conduc- 
tion within the cord; in almost all cases there is a residual, unexplained delay 
of the order of 2-3 msec. It has therefore been concluded that the impulses 
have been conducted in at least two neurones. ‘Recurrent fibres’, if they 
exist at all, seem to be extremely rare. 
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4. The vast majority of antidromic discharges may be divided into three 


pa arena discharges, the ‘dorsal root reflexes’, probably generated by 
the dorsal root potential, and evoked by synchronous afferent volleys. 

(b) Regular discharges of ‘recurrent impulses’, evoked by activity in only 
one or two afferent fibres, and probably occurring only in rare cases when the 
conditions favouring interaction are especially good. 

(c) Secondary neurone discharges, similar to (6), but evoked mainly by 
intraspinal activity. 

5. There is evidence to suggest that the occurrence of all these impulses is 
of only secondary physiological importance. 


The author wishes to thank Prof. Sir Bryan Matthews for his advice during the investigation ; 
also the Medica] Research Council for providing part of the apparatus. 
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It has been shown by Bate-Smith & Bendall (1947) that loss of extensibility 
during the course of rigor mortis in the psoas muscle of the rabbit is directly 
related to a rapid fall in the level of adenosinetriphosphate (ATP) from its 
value in the muscle at rest. For psoas muscles having the same initial pH and 
thus, by inference, being in a comparable physiological condition, the time 
elapsing before the onset of the rapid phase of rigor mortis, at any given 
temperature, depends on the magnitude of the glycogen reserve (Bate-Smith 
& Bendall, 1949). As long as the glycogen supply lasts, the process of anaerobic 
glycolysis can normally continue, 1-5 moles of ATP being produced from 
adenosinediphosphate (ADP) for every mole of lactic acid arising from 
glycogen (Lipmann, 1941). The maintenance of a high ATP level, and hence 
of pre-rigor extensibility, depends not only on the resynthesis of ATP by 
glycolysis: the level of creatine phosphate (CP), which serves as a reservoir for 
the formation of ATP from ADP, is also important. This is apparent from the 
fact that, irrespective of the glycogen reserves, the ATP level apparently 
diminishes rapidly as soon as 80°, of the CP initially present has been broken 
down (Bendall, 1951). 

In the present study, comparative observations have been made on the 
onset of rigor mortis in the longissimus dorsi, psoas, diaphragm and heart 


muscles of the horse. It has been confirmed that the loss of extensibility, 


characteristic of rigor mortis, is associated with a decrease of ATP in all four 
muscles. In the psoas of the rabbit, the onset of the rapid loss of extensibility 
occurs when the ATP level has fallen to about 60-65% of its initial value. 
On the other hand, the four horse muscles studied do not lose their pre-rigor 
extensibility appreciably until the ATP level has decreased to 30% of its 
initial value. The maintenance of ATP levels in these muscles appears to 
depend on a CP reservoir to a significantly different extent in each and in 
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various other respects the horse muscles differ both from rabbit psoas and 
from each other. These differences appear to bear a systematic relationship 
to the activity of the respective muscles, as will be shown in the discussion. 


METHODS 


Conditions of slaughter 
Bate-Smith & Bendall (1947, 1949) ensured a uniformity of material in their experiments by 
injecting the muscle relaxant, myanesin, into the rabbit before decapitation. This could not be 
done with the horses in the present work, Samples had to be transported, moreover, from the 
knackery to the laboratory, and in these circumstances a wide scatter in the biochemical data, 
and in the behaviour of the muscles, was anticipated: the only standardization possible was to 
make certain that exactly 1 hr elapsed between the death of the animal and the start of the 
experimental work. Despite this difficulty, the initial condition of the skeletal muscles studied 
was found to be remarkably similar, as the data reported below will demonstrate. The terms 
‘initial’ and ‘final’, as used in this paper, will refer respectively to the conditions obtaining 
exactly 1 hr after the death of the animal and after the completion of the rigor changes, as deter- 
mined by the point at which no further loss of extensibility took place. The demonstration of 
rigor mortis in heart muscle necessitated certain alterations in procedure which will be considered 
later. 
Sampling 

Samples of the four muscles studied were taken from the following regions of the carcasses: 
(1) heart, left ventricular wall ; (2) diaphragm, junction of pars sternalis with pars costalis on right- 
hand side of carcass; (3) psoas, portion of psoas major at level of lst sacral vertebra on right-hand 
side of carcass; (4) longissimus dorsi (1. dorsi), portion posterior to 14th dorsal vertebra on right-~ 
hand side of carcass. 

Thin strips, about 0-8 cm wide and about 3 cm long, were dissected from the muscle samples. 
With psoas and diaphragm, it was relatively easy to secure strips in which the fibres ran parallel 
to the long axis. This was found to be considerably more difficult with the 1. dorsi (in which the 
fibres are much convoluted) and with the heart (in which the fibres form a syncytium). Neverthe- 
less, even from these muscles it was possible to dissect portions sufficiently elastic to permit the 
extensibility changes of rigor to be readily detected. The strips thus obtained were wrapped at 
each end with adhesive tape and the ends were fixed by clips in the apparatus for the measurement 
of extensibility described by Bate-Smith & Bendall (1949). 


Measurement of extensibility 

Throughout these experiments the apparatus was set up in a room held at 37° C. This was done 
because the duration of the delay period before the onset of the first phase of rigor in the rabbit is 
decreased by raising the temperature, the Q,, being 1-6 (Bate-Smith & Bendall, 1949). In the 
present comparative study, absolute rates of change during the rigor processes were unimportant. 
A stream of moist nitrogen was passed over the muscle to maintain anaerobiosis during the period 
of observation, which lasted from exactly 1 hr after the death of the animal until the rigor changes 
were completed. A load of 25 g was automatically applied to the muscle every alternate 8 min. 
Extensibility at any period after the start of the experiment was expressed as a percentage of the 
initial value. 

Portions of the muscles adjacent to those providing the strips used for measuring extensibility 
changes were also placed under nitrogen in the 37°C room and were used for the following 
determinations: 

pH. Roughly 1 g of muscle was macerated in 10 ml. 0-01 m-sodium iodoacetate in a Marsh-Snow 
homogenizer (Marsh & Snow, 1950) and the pH measured by glass electrode. 
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Buffering capacity. 2 g of muscle were homogenized in 10 ml. 0-01 m-sodium iodoacetate and 
0-05 n-sodium hydroxide or hydrochloric acid were added in 0-5 ml. quantities over the pH range 
5-8, the pH being measured after each addition (cf. Marsh, 1952). Buffering capacity could then be 
expressed as 10-* equivalents of base required to change the pH of 1 g of muscle by one unit. 


Determination of phosphate 

About 1 g of muscle was macerated in 20 ml. ice-cold 5% trichloroacetic acid (TCA) using the 
Marsh-Snow homogenizer. The extracts were immediately neutralized to phenolphthalein with 
y-sodium hydroxide (to minimize the breakdown of CP: Bailey & Marsh, 1952) and kept at 0° C 
to await analysis. Phosphate esters in the muscle extract were determined as inorganic phosphate 
by Allen’s method (Allen, 1940) in a photoelectric absorptiometer. Inorganic phosphate was split 
from these esters as follows: 

Creatine phosphate (CP). In 36 min at 17° C creatine phosphate is hydrolysed to creatine and 
inorganic phosphate by the amidol perchloric acid reagent (Bendall, 1951). 

Adenosinetriphosphate (ATP). In 7 min at 100° C, x-HCl splits off the two easily hydrolysable 
phosphate groups from ATP as well as hydrolysing CP. 

Total soluble phosphate (TSP). Digestion in 60% (w/v) perchloric acid for 3 hr converts all the 
phosphorus in the TCA extract to inorganic phosphate (Allen, 1940). 

As indicated above, the symbols ATP and CP will be taken to refer to the adenosinetriphosphat 
and creatine phosphate molecules. It will be understood, however, that where quantitative data 
for ATP and OP are quoted, the values refer to the phosphorus liberated from ATP and CP by 
the procedure outlined above. Such values are, of course, strictly proportional to the quantities 
of the corresponding esters present and give a true measure of the latter. 

The ATP values were corrected for the presence of hexose diphosphate and of triose phosphates 
jn the extract by the procedure of Bailey & Marsh (1952). The data for ATP and CP were expressed 
as a percentage of the TSP in aliquots of the extract. To relate them to the wet weight of muscle, 
a series of independent determinations of TSP on weighed samples had to be carried out. 

About six pH determinations and six TCA extracts were made from the muscle samples at 
appropriate intervals during the measurement of the extensibility changes in the corresponding 
muscle strips. 


RESULTS AND DISCUSSION 
Time course of rigor mortis in longissimus dorsi, psoas and diaphragm 
muscles of the horse 

In Figs. 1-3 the mean changes (six animals) in ATP, CP, pH and extensibility, 
for |. dorsi, psoas and diaphragm respectively, have been recorded as a function 
of time in nitrogen at 37°C. (Zero time: 1 hr post-mortem.) In practice there 
is often a slow loss of extensibility before the major changes of rigor mortis 
occur. This probably represents the onset of rigor in a small number of damaged 
fibres of the muscle strips and has been ignored in the present work. The time 
of onset of the fast phase of rigor, when the muscle as a whole loses its extensi- 
bility, has been found by extrapolation. (For this purpose the rate of change 
of extensibility during the fast phase of rigor was assumed to hold, from the 
moment when the muscle was last fully extensible, until the rigor changes 
were complete.) 3 

In that they demonstrate a general correspondence between the onset of the 
fast phase of rigor and a decrease in ATP, CP and pH, the present data 
confirm the general findings of Bate-Smith & Bendall (1947, 1949) and of 
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Fig. 1. The onset of rigor mortis in 1. dorsi muscle of the horse: changes in ATP, CP, pH and 
extensibility as a function of time in nitrogen at 37° C. Zero time: 1 bap. post-mortem. Curves 
represent mean observations from six animals in each case. Ad triphosphate (ATP) 
and creatine phosphate (CP) determined in trichloroacetic acid extracts made from the 
muscles at various time intervals. ATP-P and CP-P expressed as mg P/g wet weight of 
muscle. Extensibility expressed as %, of initial value. 


O—O, ATP; A—A, CP; O—O, pH; e—e, extensibility. 
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Fig. 2. The onset of rigor mortis in psoas muscle of the horse: changes in ATP, CP, pH and 
extensibility as a function of time in nitrogen at 37° C (details as in Fig. 1). 
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Bendall (1951) for the rabbit psoas. The other salient features of Figs. 1-3 are 
summarized in Table 1, together with the standard error of the observations 
. from which the graphs have been derived. The table shows that the initial 
pH values for all three muscles are high, being not greatly different from the 
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Fig. 3. The onset of rigor mortis in diaphragm muscle of the horse: changes.in ATP, CP, pH and 
extensibility as a function of time in nitrogen at 37° C (details as in Fig. 1). 


TABLE 1. Comparative data on the course of rigor mortis in various horse muscles 


Time 
before Duration pH ATP (mg P/g) CP (mg P/g) 
onset of of A — A A 
ra 
Muscle (min) Initial phase Final (Initial phase Final Initial phase Final 


L. dorsi 214457 72424 6-05 5-97 551 0-39 0-11 0-01 0-36 
+012 +024 i013 4005 +007 +4003 +4004 
Psoas 173437 63417 702 6-24 5-98 0-28 0-08 0-04 0-15 0-01 — 
+004 +023 +010 24006 +1006 141008 i001 +00) 


Diaphragm 1484120 75418 6-97 6-28 5-76 0-30 010 002 0-04 ae nis 
+006 4020 4004 4003 4004 4002 +4003 


probable im vivo resting values. It may also be noted that the scatter of the 
data is small. These facts emphasize the remarkable uniformity of the experi- 
mental material and indicate that horse muscles undergo little struggling at 
death. This, of course, is supported by observation: the horse is an exceedingly 
passive animal, showing little excitement even at the slaughter house. 

) It can also be seen that the duration of the rapid phase of rigor and the 
levels of ATP in the three muscles, both at the onset of the rapid phase and 
finally, do not significantly differ from one another despite the fact that the 
initial value of ATP in the 1. dorsi is significantly higher than in psoas or 
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diaphragm. The present data suggest that the residual ‘ATP’ in psoas is 
greater than that in |. dorsi or diaphragm. The nature of this residual ‘ATP’ 
is uncertain: it seems unlikely to be, in fact, true ATP. Bendall (1951) 
mentions a similar finding in rabbit psoas. The phosphorus of hexosedi- 
phosphate and of triose phosphates cannot be implicated as correction for 
these esters has already been made. Its final identification must await further 
study. 

The time which elapses at 37° C in nitrogen before the onset of the rapid 
phase of rigor is apparently characteristic of each type of muscle studied. This 
will be discussed below. 

- Particularly striking is the difference between the initial levels of CP in the 
three types of muscle. While quantitatively similar to the initial level of ATP 
in the 1. dorsi, the CP in the psoas is only about 54%, and in the diaphragm 
only about 13%, of the corresponding ATP levels. This finding might be 
regarded as evidence that post-mortem glycolytic breakdown had progressed 
to a characteristically different extent in each type of muscle when initially 
sampled. If, however, the low initial CP level in diaphragm signified an 
advanced stage, and the high initial CP level |. dorsi an early stage, in the 
same breakdown pattern, it would be difficult to understand why the corre- 
sponding initial ATP levels were maintained for a similar period in both 
these muscles. This is more clearly seen in Fig. 4a. 

There is a significant difference between the final pH values for |. dorsi, 
psoas and diaphragm. Assuming that lactic acid production is the only 
important factor causing post-mortem fall of pH (Bate-Smith & Bendall, 
1949), and knowing the buffering capacity of the muscles (6-07 x 10-, 
4-07 x 10- and 4-51 x 10~* equivalents/pH/g for |. dorsi, psoas and diaphragm 
respectively), it may be calculated that glycogen reserves at the moment of 
death are likely to be highest in |. dorsi, intermediate in diaphragm and least 
in psoas. This assumes that the final pH values are derived from the conversion 
to lactic acid of all glycogen remaining in the muscle at the moment of death. 
That the psoas should be apparently so deficient in glycogen is difficult to 
reconcile with indications in the literature—and from the palate—that horse 
muscles have an abnormally high glycogen content. It is possible, of course, 
that in the psoas, for example, the breakdown of glycogen under post-mortem 
conditions is subject to some inhibition not obtaining in the 1. dorsi. Glycogen 
determinations were not undertaken in the present study, however. 

Apart from the final pH values, the only striking difference in the pH-time 
curves represented in Figs. 1-3 is that the rate of pH fall in the diaphragm, 
during the first 120 min, is considerably higher than in the psoas and 
1. dorsi. The significance of this difference will be discussed below. 
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The level of ATP and the onset of the rapid phase of rigor in longissimus 
dorst, psoas and diaphragm 

Although, even on an absolute basis, the onset of the rapid phase of rigor 
mortis in |. dorsi, psoas and diaphragm coincides, in each, with a similar level 
of ATP-P (0-09-0-11 mg P/g), it is not immediately obvious from Figs. 1-3 why 
the ATP should have fallen to this value after such different intervals as 214, 
173 and 148 min respectively. In the case of the diaphragm with its small 
initial CP content, the reason why the initial ATP can be maintained for over 
50 min is obscure, especially as the subsequent onset of rigor mortis occurs 
considerably earlier in this muscle than in psoas or |. dorsi. To appreciate this 
phenomenon more fully, and to establish a more valid basis for comparison, 
the data on ATP and CP have both been expressed as percentages of the 
initial ATP level for each muscle. They have been recorded in Fig. 4a. 

The vertical arrows indicate the ATP level and the time at the onset of the 
rapid phase of rigor mortis. It may be seen that the CP level at which 
maintenance of the initial ATP is no longer possible is about 35° of the latter 
in psoas and |. dorsi, whereas it is only 5°%, in the diaphragm. There must thus 
be some mechanism for ATP production available to the diaphragm, other 
than synthesis by the interaction of CP and ADP, which can initially supply 
ATP more effectively than in the other two muscles. This mechanism 
appears to be anaerobic glycolysis. As mentioned above, the production of 
1 mole of lactic acid from glycogen may be regarded as synthesizing 1-5 moles 
ATP from ADP. Knowing the buffering capacity of the muscles (above) it 
may readily be calculated that a pH fall of one unit represents a synthesis of 
2-82, 1-89 and 1-80 mg ATP-P/g in 1. dorsi, psoas and diaphragm respectively. 

The pH-time curves of Figs. 1-3 can thus be redrawn as rates of synthesis of 
ATP at various times during the course of post-mortem glycolysis. To allow 
comparison with the data in Fig. 4a, these rates have been expressed as 
percentages of the corresponding initial ATP level/min/g, in Fig. 40. 

An explanation can thus now be advanced for the maintenance of the initial 
ATP in the diaphragm, despite the relative absence of CP. From Fig. 46 it 
may be seen that the rate of ATP synthesis by glycolysis in the diaphragm 
(4°,/min/g) is considerably greater than the corresponding rates in psoas and 
l. dorsi (2°5 and 2-2°%/min/g respectively) during the first 10 min in nitrogen 
at 37°C. This high rate soon flags, however, falling after a further 10 min 
below the rates for the other two muscles, and although it subsequently rises 
to a maximum 170 min after the start of experiments it remains lower than 
in the psoas and 1. dorsi. This probably accounts for the greater rate of ATP 
decrease when, eventually, it falls from its resting level in the diaphragm— 
and consequently for the early onset of rigor in this muscle. After 170 min 
the ATP synthesis rate for psoas falls off more quickly than that in the 1. dorsi, 
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Time (min in nitrogen at 37°C) 


Fig. 4. Biochemical changes associated with rigor mortis in various horse muscles as a function of 


time in nitrogen at 37° C. Zero time: 1 hr post-mortem. Curves represent mean observations 
from six animals in each case. Adenosinetriphosphate (ATP) and creatine phosphate (CP) 
determined in trichloroacetic acid extracts made from the muscles at various time intervals. 
a, changes in ATP and CP, expressed as % initial ATP. (J—(], ATP in 1. dorsi; A—/, 
ATP in psoas; O—O, ATP in diaphragm; (J - - - (J, CP in 1. dorsi; A --- A, CP in psoas; 
© --- ©, CP in diaphragm. Vertical arrows represent times of onset of fast phase of loss of 
extensibility in diaphragm, psoas and 1. dorsi (reading from left to right). 6, changes in the 
rates of ATP synthesis by glycolysis. ()—(), % initial ATP/min/g in 1. dorsi; A—/. 
% initial ATP/min/g in psoas; O—O, % initial ATP/min/g in diaphragm. Rates calculated 
from pH curves and buffering capacity as described in the text. 
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and this factor, together with the higher initial CP in the latter, may explain 
why the onset of rigor in the |. dorsi is delayed for so long. 

__ A satisfactory explanation for the time courses of rigor mortis character- 
istic of the three muscles considered above can thus be given in terms of the 
maintenance of ATP, above the level necessary for normal extensibility, by 
(a) the initial store of this ester held as CP, and (b) the rate of its synthesis by 
glycolysis. 


The onset of rigor mortis in longissimus dorsi, psoas and diaphragm 
of the horse in relation to that in rabbit psoas 

A point of marked dissimilarity from the rigor characteristics of the rabbit 
psoas may be mentioned. At 37°C, for a rabbit psoas the level of ATP at 
which rapid loss of extensibility occurred is about 60-65 °% of its initial value 
(Bendall, 1951). In horse |. dorsi, psoas and diaphragm, on the other hand, it 
has been shown to be 30-35%. 

It may also be mentioned that in the rabbit the time before the initial level 
of ATP begins to fall is about 140 min at 37° C. In view of the high initial CP 
in the rabbit (160% of the initial ATP; cf. Bendall, 1951), the present findings 
(Fig. 4a) that the corresponding delays in |. dorsi and psoas of the horse are 
80 and 40 min, with CP levels 90 and 54%, of the initial ATP, respectively, 
are not unexpected. 

The correlation between the fall of the rate-ratio (i.e. ATP formed/ATP split) 
and the onset of the fast phase of rigor mortis, which Bendall (1951) found to 
be even closer than that between the latter and the fall of ATP, could not be 
verified. 

In agreement with Bendall’s work on the rabbit psoas at 37° C, marked 
shortening was observed to coincide with the loss of extensibility for all 
muscles in the present series of experiments. 


Time course of rigor mortis in horse heart muscle 
In parallel with studies on various skeletal muscles of the horse, a series of 
observations were made on the onset of rigor mortis in horse heart. These 
observations, again at 37°C and in nitrogen, were likewise commenced 
exactly 1 hr after the death of the animals. The first experiments failed to 
show any change of extensibility whatsoever during the period of observation. 
There was little initial ATP, no CP and the pH (6-3-6-0) changed inappreciably. 
It thus appeared that rigor mortis either did not occur in horse heart or that 
the onset was so swift that its detection was impossible at 1 hr post-mortem. 
When facilities were provided to secure the heart muscles within 5 min of the 
death of the animal the second alternative proved to be correct. 
Samples were cooled immediately in ice and transported, as quickly as 
possible, to the laboratory, so that a strip could be dissected out and tested 
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for extensibility (at 37° C) on the rigor machine within 30 min of death. With 
these limitations, it was possible to examine heart muscles with an initial pH 
of 6-90. A typical experiment is shown in Fig. 5a. 

Although, for the above reasons, heart muscle is not directly comparable 
with the skeletal muscles, it is obvious that (a) rigor mortis does occur in heart, 
but that the onset of the rapid phase takes place very considerably earlier than 
it does in 1. dorsi, psoas and diaphragm, (b) the onset of the fast phase corre- 
sponds to a point where the ATP has fallen to 50% of its initial value, and 
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Fig. 5. Biochemical changes associated with rigor mortis in horse heart as a function of time in 
nitrogen at 37° C. Zero time: 30 min post-mortem. Muscle precooled in ice. Curves represent 
inetriphosphate (ATP) and creatine phosphate (CP) determined in trichloroacetic acid 
extracts made from the muscle at various time intervals. a, changes in ATP and CP; 
expressed as % initial ATP, and of pH. x—x, pH; V—V, ATP; —A—, CP. Vertical 
arrow represents time of onset of fast phase of stiffening. 56, changes in the rate of ATP 
synthesis by glycolysis. O—O, % initial ATP/min/g. Rate calculated from pH curve and 
buffering capacity, as described in the text. 
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(c) since there is virtually no CP, any delay in the fall of ATP must be due to 
synthesis of ATP by glycolysis. The data in Fig. 56 show how high this rate is 
(the scale is one-quarter of that in Fig. 4b). It is particularly noteworthy that, 
despite this fact, the initial level of ATP cannot be maintained for more than 
about 10 min, which suggests that there is a spatial separation of the sites of 
ATP breakdown by myosin ATP-ase and of ATP synthesis by glycolysis. The 
same question has been considered by Bendall (1951) who found that, despite 
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a vigorous glycolysis, the initial level of ATP in the psoas of the rabbit began 
to fall whenever the CP had decreased to about 50% of the initial ATP. (This 
has been found to occur in |. dorsi and psoas muscles of the horse at a level of 
CP equivalent to 30-35 % of the initial ATP.) Bendall suggests that diffusion 
of ATP from the sites of glycolysis to the myosin ATP-ase may become the 
limiting factor. This implies that the apparently more effective maintenance 
of the initial ATP by CP is due to the latter occupying a site fairly close to the 
active centres of the myosin. If such a hypothesis be accepted a further 
reason must be sought for the maintenance of the initial ATP in the diaphragm. 
The content of CP is low and the rate of glycolysis is, after all, only about twice 
as great as that in the psoas and |. dorsi (Fig. 46). Possibly a twofold increase 
in the rate of glycolysis at the higher pH levels obtaining at the start of the 
experiments can supply ATP to the myofibrillar system more effectively than 
can even greater increases at the low pH values subsequently attained in the 
dying muscle. 

In the heart the pH falls from its initial value very swiftly to 5-8 so that 
low pH may early weigh against the higher rate of ATP production, which 
the heart’s high rate of glycolysis would otherwise signify. Moreover, the 
nature of heart muscle fibres, forming a syncytium, may create an addi- 
tional obstacle to the diffusion of ATP to the sites where it is required to 
maintain extensibility. It must, of course, be admitted that, in accordance 
with the Embden-Meyerhof scheme (Needham, 1942) the rate of glycolysis is 
largely determined by the availability of inorganic phosphate, the latter being 
liberated as ATP is broken down. Thus a high rate of diffusion of inorganic 
phosphate ‘outwards’ from the ATP-ase sites must occur, even if the diffusion 
of ATP ‘inwards’ becomes increasingly difficult as the pH falls. The con- 
siderably smaller molecular size of the phosphate radical would ensure freedom 
from much of the restriction of intracellular movement to which the ATP 
molecule would be subject. 

It may be argued that the initial CP store in the heart is low merely because 
it is depleted by several anaerobic heart beats after the death of the animal 
and before it is possible to carry out chemical determinations. This has been 
shown to be unlikely by an experiment in which an extract for analysis was 
prepared from a piece of goat heart, 10 sec after its removal from the intact 
organ. The heart was beating in the animal, with full oxygen supply, before 
and after removal of the sample. The CP was found to be only 2% of the 
initial ATP value. A low CP store in heart in vivo may thus be regarded as 
feasible. 

The high rate of anaerobic glycolysis, and thus of ATP synthesis, in heart 
muscle during changes post-mortem (Fig. 55), must, according to the Embden- 
Meyerhof scheme, involve a very high rate of ATP-ase activity under these 
conditions. The ATP-ase rate must indeed be considerably greater than that 
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in horse diaphragm, psoas and |. dorsi. Yet when ATP is added to homo- 
genates of these four muscles, the rate of splitting ATP is relatively much 
lower in heart, being 1-8 mg ATP-P/g/hr, compared with 5-4, 4-8 and 9-0 mg 
ATP-P/g/hr in diaphragm, psoas and |. dorsi respectively (Lawrie, 1953). This 
phenomenon might suggest that the degree of organization in the intact heart 
is particularly effective for splitting ATP, but the question merits further 
investigation. 


Characteristics of rigor mortis in horse muscles in relation 
to muscle function 

It has previously been shown (Lawrie, 1952, 1953) that the capacity for 
respiratory metabolism in enzyme preparations from various horse muscles, 
as measured by the maximum rate of oxygen uptake catalysed by cytochrome 
oxidase, has the following order of decreasing activity: heart, diaphragm, psoas 
and |. dorsi, the values, calculated on a wet weight basis, being 32-4, 13-6, 11-2 
and 2-7 ml. oxygen/g/hr, respectively. Moreover, a high rate of oxygen uptake 
is accompanied by a high capacity for the aerobic synthesis of ATP (Lawrie, 
1953). These findings agree with physiological observations. The heart 
possesses an excellent blood supply and the adequate oxygen thus made 
available will ensure a highly efficient production of ATP, catalysed by the 
cytochrome system of enzymes. A constant supply of this ester would be 
particularly necessary in an organ which is continuously in action. Such 
a muscle could not be dependent on a potential store of ATP, such as CP, for 
use during activity and to be replenished during periods of relative inactivity. 
By its nature, the heart must always function aerobically, synthesizing the 
energy-yielding and extensibility-maintaining ATP as fast as it is used up. 

The character of the time course of rigor mortis in the heart tends to confirm 
this view. There is an almost negligible CP store and thus, under the anaerobic 
conditions employed in the present study, the ATP level falls quickly. The 
onset of the fast phase of rigor is early in consequence. On the other hand, the 
1. dorsi has a relatively large store of CP and, judging by its low final pH 
(Table 1), of glycogen. It thus has a capacity for prolonged ATP synthesis 
from anaerobic glycolysis. The onset of rigor, as a result, is delayed for a very 
considerable time even at 37° C in nitrogen, as has been shown. 

In the horse the |. dorsi in vivo is capable of short intense bursts of anaerobic 
activity, but these are followed by periods of comparative inactivity, during 
which aerobic synthesis of ATP, catalysed by the cytochrome system, can 
restore the resting equilibrium. The activity of the cytochrome system, 
necessary for such restitution, would not require to be as high as in a muscle 
such as the heart. It has been shown that the capacity for oxygen uptake of 
the 1. dorsi is indeed relatively very low (Lawrie, 1953). 

As measured by the time before the onset of rigor mortis, the capacity for 
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anaerobic ATP formation in psoas and diaphragm is intermediate between 


that of |. dorsi and heart. At the physiological level their action may be 
considered of intermediate severity, although of a different nature in each 
muscle—and their capacity for oxygen uptake is also intermediate. The time 
course of rigor mortis characteristic of the four muscles may thus be seen to 
bear a systematic relationship to the corresponding muscle function. 


SUMMARY 

1. Changes in pH, extensibility, creatine phosphate (CP) and adenosine- 
triphosphate (ATP) were followed during the course of rigor mortis in various 
skeletal muscles of the draught horse in nitrogen at 37°C. Observations 
commenced at exactly 1 hr post-mortem (zero time) and continued until the 
loss of extensibility ceased. . 

2. Under these conditions the time elapsing before the onset of the rapid 
phase of rigor mortis was 214 + 57, 173 + 37, and 148 + 20 min in 1. dorsi, psoas 
and diaphragm respectively. 

3. The initial values of ATP-P were 0-39+0-05, 0-28+0-06 and 0-30 
+0-03 mg P/g in |. dorsi, psoas and diaphragm respectively: corresponding 
values of CP-P were 0-36 + 0-04, 0-15+0-01 and 0-04+0-03 mg P/g; and for 
pH, 6-95 + 0-12, 7-02 + 0-04 and 6-97 + 0-06. 

4. In psoas and |. dorsi the initial ATP level began to fall when the CP had 
decreased to a value corresponding to 30%, of the initial ATP. The latter was 
maintained in the diaphragm for a considerable time despite low initial CP. 
This was found to be due to the high initial rate of ATP synthesis from 
glycolysis (4°% of the initial ATP/min/g) in the diaphragm: the corresponding 
values for psoas and |. dorsi were.2-5 and 2:2%. 

5. In these three muscles the maintenance of pre-rigor extensibility was 
shown to depend on conservation of the ATP above 30-35 % of its initial value 
by (a) the magnitude of the initial CP store, and (b) the rate of ATP synthesis 
by glycolysis. 

6. By taking special precautions, it was possible to demonstrate the onset 
of rigor mortis in horse heart. Even in the most favourable conditions the 
rapid phase occurred after only about 50 min at 37°C in nitrogen. The CP store 
appeared to be practically nil, although the initial ATP level was similar to 
that in the three skeletal muscles. 

7. The initial ATP level in heart muscle was maintained for about 10 min, 
apparently by virtue of a very high rate of ATP synthesis by glycolysis 
amounting to 16% of the initial value/min/g. 

8. A high rate of synthesis of ATP by glycolysis could not apparently in 
itself long maintain ATP above the level at which the rapid phase of rigor 
occurred. This tended to support the.contention of Bendall (1951) that the 
sites of glycolysis and of myosin ATP-ase were spatially distinct. 
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9. The time-course of the biochemical and biophysical changes in the four 


horse muscles appeared to be characteristic of each, bearing a systematic 
relationship to muscle activity and an inverse correlation with the capacity 
for aerobic metabolism. 


I am grateful to Mr J. R. Bendall for helpful discussions and criticism, and to Dr J. K. Walley, 
who performed the partial left ventricular myocardectomy on the goat. Mr W. A. Deer gave 
technical assistance throughout this investigation. 

The work described in this communication was carried out as part of the programme of the 
Food Investigation Organization of the Department of Scientific and Industrial Research. 
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The ventral roots in the frog contain two distinct groups of motor nerve fibres, 
which subserve two different functions in their innervation of skeletal muscles. 
Repeated stimulation of nerve fibres of small diameter, about 5, causes slow, 
graded muscular contractions which are accompanied by non-propagated 
muscle potentials of small amplitude and relatively long duration (Tasaki & 
Mizutani, 1944; Tasaki & Tsukagoshi, 1944). The larger nerve fibres, in the 
region of 12 diameter, set up the familiar motor unit twitches accompanied 
by fast propagated muscle action potentials. Kuffler & Gerard (1947) demon- 
strated that when one or a few small-diameter motor nerve fibres were isolated 
by dissection and stimulated, the resulting muscle potentials were confined to 
the regions of the neuromuscular junctions; they were accordingly named 
‘Small-nerve junctional potentials’ (s.j.p.’s). The mechanical effects of stimula- 
tion of the small motor nerves were studied in detail by Kuffler, Laporte & 
Ransmeier (1947) who found that quite large tensions could be developed in 
numerous muscles widely distributed over the body. Differences in the 
organization of the reflex responses of small and large-diameter motor fibres 
were also demonstrated. It was concluded that the small motor nerves are 
part of a specialized neuromuscular system with a specific ‘holding’ or ‘tonic’ 
function in the maintenance of the frog’s posture. 

In the latter two studies it could not be decided whether the two groups of 
nerves went to different types of fibres within the muscle or whether both 
innervated the same single muscle fibres. The possibility existed that a single 
muscle fibre could give two different types of response, according to the type 
_ * This investigation was supported by a research grant from the National Institutes of Health, 
Public Health Service. 
Rockefeller Foundation; from the Department of Pharmacology, Oxford, 
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of nerve fibre through which it was stimulated. A duality of response has been 
observed in crustacean muscles (Katz & Kuffler, 1946). 

The first purpose of the present investigation was to determine whether 
small-nerve fibres innervate a distinct set of muscle fibres. Secondly, it was 
proposed to study the characteristics of the small-nerve junctional potentials 
by newer methods. It will be shown that the small-nerve fibres supply quite 
distinct muscle elements, whose behaviour in many respects bears little 
resemblance to that of the twitch fibres. These special muscle fibres possess 
some properties not hitherto seen in skeletal muscle, and will be referred to as 
‘slow’ muscle fibres. They receive innervation from numerous nerves, all of 
small diameter, whose terminal contacts are distributed along the whole fibre 
length. In contrast to the ‘fast’ twitch-producing muscle fibres they have a 
smaller membrane potential, never give propagated muscle action potentials 
on nerve stimulation and do not show a reversal of membrane potential (“over- 
shoot’) during activity. 

In the second paper some special properties of these ‘slow’ striated muscle 
fibres will be examined. It will be shown that the present results furnish an 
adequate explanation of the earlier findings of Sommerkamp (1928), Wach- 
holder & Ledebur (1930) and others concerning ‘tonic’ muscles. Also some 
questions which have been raised concerning the nature of ‘contractures’ in 
muscle (Gasser, 1930; Bremer, 1932) may find at least a partial answer in these 
studies. 

It is appropriate at this point to consider further the term ‘small-nerve 
fibres’, In these papers the expression is used to describe the nerve fibres in 
the ventral roots which conduct at 2-8 m/sec (see below), and which innervate 
the slow muscle fibres. There clearly exist still slower (and smaller) ventral 
root fibres of different function (e.g. sympathetic), and in some parts of the 
body even the same diameter fibres may not play the same role. It isnot known 
whether there is any difference (e.g. biochemical) other than the obvious one 
of size (of perhaps secondary importance) associated with nerve fibres sub- 
serving distinct functions. It is possible that nerve fibres causing diverse 
effects are themselves practically identical along their course, and that the 
difference in their function is determined by properties not of their own, but 
of the effector organs upon which they terminate. Since the association of the 
‘small’ and ‘large’ nerve fibres with distinct groups of muscle fibres has now 
been established, it may perhaps be more appropriate to classify the two 
systems according to the effectors, i.e. ‘slow skeletal muscle system’ and ‘twitch 
system’, For the sake of conformity with previous work, however, the 
established term ‘small-nerve fibres’ will be retained, but it is emphasized that 
it refers only to nerves supplying slow muscle fibres in frogs. The term ‘small- 
nerve system’ will be more inclusive and be applied to the slow muscle fibres 
together with all nervous structures which activate them. This will be in 
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contrast to the twitch fibres and their nervous connexions which will be called 
the ‘twitch system’. These definitions should not be extended to mammals, in 
which many mechanisms and their organization are different (Kuffler & Hunt, 
1952). 
METHODS 

Muscles, together with their nerves and appropriate spinal roots, were dissected from summer and 
winter frogs of the species Rana pipiens and R. catesbiana. Records from single muscle fibres were 
obtained with glass capillary electrodes (Ling & Gerard, 1949) with tips certainly well under 1-0 y, 
and smaller than could be measured accurately with a light microscope (Zeiss water-immersion 
objective, overall magnification x 900). They were filled with approximately 3 m-KCl and had a 
d.c. resistance of 10-40 MQ. The input circuit was similar to that described by Nastuk & Hodgkin 


(1950). 
RE. S.E. 
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Fig. 1. Scheme of experimental set-up. For intracellular recording the muscle was usually gripped 
at both ends and stretched over a curved lucite block to minimize movement during stimula- 
tion. M.8., microelectrode; &.E., recording electrodes; s.E., stimulating electrodes. The 
filled microelectrode makes a liquid junction with KCl-agar. The Ag-AgC! electrode is soldered 
to a clip which fits directly to the grid of a cathode follower. 


Intracellular electrodes are easily dislodged from muscle fibres by contractions, especially during 
twitches. This problem is less serious during the relatively slow movement set up by small-nerve 
stimulation, although occasionally it was necessary to stretch the muscle to a suitable extent by 
trial and error and select recording electrodes (usually long tapered, easily bent) which after 
impalement moved freely with the muscle. The muscle rested against a transparent base-plate, 
except when tensions were recorded (Fig. 1). In many experiments it proved possible to record 
from slow or twitch fibres, even during prolonged tetanic stimulation, without serious movement 
artifacts, the electrode tip staying inside muscle cells (Figs. 9, 11). To reduce muscle movement 
contributed by the twitch fibres the.twitch portion of the iliofibularis was frequently dissected 
away. 

Tension records were obtained with an RCA 5734 transducer, fitted to a smaller version of the 
apparatus described by Talbot, Lilienthal, Beser & Reynolds (1951). Some modifications were 
made to render the valve itself less vulnerable to accidental damage. 
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RESULTS 
Differential block of nerve fibres _ 

Tasaki and his co-workers had distinguished between the muscle responses to 
small and large motor nerves by stimulating dissected nerve fibres. This 
technique, though providing unequivocal evidence concerning the types of 
response to nerves of different diameters, did not permit identification of the 
muscle fibres which were responding. Kuffler & Gerard (1947) also used the 
single fibre method, but in addition they differentiated between nerve fibre 
groups by blocking the faster fibres by pressure and by constant current. The 
latter method was quickly reversible and permitted satisfactory differentiation 
for a few minutes at a time, but the preparations were not very stable, and it 
was certain that a fair proportion of small-nerve fibres was blocked along with 
the large. A stable and more complete differentiation was, however, achieved 
in the following way. 

Appropriate motor roots were dissected out together with the required 
muscle and its nerve. The preparation was then set up as shown in Fig. 1. The 
motor root and the nerve to the muscle were lifted from the Ringer solution into 
paraffin oil upon electrodes for stimulating and recording respectively. When 
muscle potentials were to be recorded with external electrodes, the muscle also 
was lifted into oil, but when individual fibres were to be pierced with the 
microelectrode, the muscle was left in the Ringer. The motor roots were then 
stimulated and the nerve impulses reaching the preparation were recorded from 
the nerve just before its entry into the muscle. The stimulating cathode was 
placed near the origin of the motor root with the anode at variable distances 
away (Fig. 2). A square current pulse was then passed through platinum elec- 
trodes. If the stimulus was short (0-1-0-2 msec) and sufficiently strong, all the 
nerves in the root were stimulated and impulses passed down to the muscle. 
With longer stimuli, however, some or all the nerve fibres could be blocked at the 
anode. Apparently impulses from fast and slow fibres started off at the same 
moment in the vicinity of the cathode (Rushton, 1949), as seen in Fig. 2 B, but 
the faster fibres reached the second electrode while the anodal effect still per- 
sisted (Fig. 2D). By adjusting the duration and strength of the pulse correctly 
in relation to the interelectrode distance it could be arranged that the anodal 
polarization persisted sufficiently long for the faster fibres alone to be blocked, 
while the slower ones passed through. The example presented in Fig. 2 shows 
how, with an effective interelectrode distance of 4 mm and a pulse of 0-55 msec, 
fibres travelling at 9 m/sec (or faster) would be blocked because they would 
arrive at the anode while the pulse still persisted, but those travelling at 
6 m/sec (or more slowly) would be let through. 

Another factor besides conduction velocity seems to play a role, namely, 
that small-nerve fibres are more resistant to anodal block even if placed in a 
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uniform field with large fibres. Presumably less current actually penetrates 
the small fibres than the larger ones, since the space between fibres serves as 
a relatively more effective shunt to the small-diameter fibres. This seems to be 
the basis for the constant current blocking method used in our previous studies. 

The present method never failed, although occasionally it required prolonged 
trials to obtain the correct combination of pulse and interelectrode distance. 
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Fig. 2. Scheme of blocking procedure and suggested mechanism of large nerve block. Electrodes 
on the ventral root (v.R.) lifted into paraffin oil. The ventral root is depicted as attached 
to a piece of spinal cord on the right. p.R., dorsal root ganglion. A, before excitation; 
B, nerve impulses started at cathode after the beginning of a square pulse; C, 0-25 msec 
after start of impulses some separation of slow and fast fibres occurs; D, most of the faster 
nerve impulses have reached the anode and are blocked; HZ, after cessation of square pulse 
only the slower impulses pass through. The events depicted in each picture take place at times 
corresponding to the picture’s position on the scale at left. The thick black line represents the 
duration of the current pulse. Right: expected potentials in ventral root at the times depicted. 
Shaded areas represent the active regions. (See text for additional factors in blocking.) 


++ 


In this fashion desired groups of fibres could be selected at will as is shown in 
Fig. 3. The preparations remained stable for hours, i.e. the same select group 
of nerves could repeatedly be stimulated. A further advantage was that nearly 
all the small-nerve fibres to a given muscle could be stimulated simultaneously. 
Whenever both fast and slow fibres in a root were to be excited either the 
polarity of the current was reversed so that the anode was at the origin of the 
root, or a second pair of electrodes was placed lower down on the nerve and 
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Fig. 3. Progressive block in root, recorded from peripheral nerve and from muscle. Stimulating 

electrodes arranged as in Fig. 2. Left: leading from nerve before its entry into iliofibularis. 
a, stimulus of 0-6 msec duration to v.R. 10 causes maximal twitch tension recorded by 
transducer on lower beam, modulated at 100 c/s. Large nerve potentials on upper record 
cause early deflexions (off the screen); arrow marks potentials of some small-nerve fibres. 
Note fast time-base on this beam (calibration in f). 6, stronger stimulus blocks many large 
fibres, causes smaller twitch, fewer early potentials and excites more small-nerve fibres 
(arrows). ¢, stimulus increased, blocks all but one large-nerve fibre, causing no measurable 
twitch tension at this sensitivity; three distinct small-nerve groups seen (arrow). d, optimal 
stimulus for small nerves alone, no twitch contraction. e—f, duration of stimulus increased 
progressively, also blocks small-nerve impulses. Sweep speed for all nerve potential traces 
is given by 1000 c/s modulation in f. Records from muscle surface. g, stimulus as in a, large 
potential of 20 mV recorded. 4, amplification increased 10 x , most large-nerve fibres blocked. 
Diphasic potentials of few twitch units are followed by monophasic small-nerve junctional 
potentials (s.j.p.’s). i, as in d, all fast fibres blocked; small-nerve fibres set up s.j.p.’s only. 
Time base 200 c/s. 
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the fast fibres stimulated alone or in combination with the slower (and higher 
threshold) small-nerve fibres. 

It was not possible to apply this blocking technique of the roots satisfactorily 
to the whole nerve. Large nerve trunks are surrounded by a connective tissue 
sheath and contain sensory fibres also. It is likely that in such a situation the 
entry and exit of current is less sharply localized in relation to the elements 
which it is desired to block. 

Fig. 3 illustrates the selective blocking of nerve fibres of different conduction 
velocities within ventral root 10. Recording was done from the nerve to the 
iliofibularis about 33 mm from the proximal stimulating electrode. A non- 
blocking maximal stimulus (Fig. 3a) sets up impulses in the relatively fast 
motor fibres (action potential peak off the screen) and in a few slower fibres 
(arrow) which from the subsequent records can be identified as small-nerve 
fibres. Simultaneously a record of the twitch tension was superimposed, taken 
on the second beam at a slower speed. In Fig. 36 a stronger stimulus blocked 
at the anode most of the larger fibres, and also stimulated a greater number of 
small fibres (arrows). In Fig. 3c all the large-nerve fibres but one were blocked; 
no tension was recorded at this sensitivity and the slow fibres can be clearly 
distinguished. In Fig. 3d further increase in the stimulus strength blocked all 
fibres except three groups conducting at 6, 4-8 and 3-6 m/sec. This represents 
maximal small-nerve stimulation. In Fig. 3e-f the duration of the stimulus 
was increased (without further change in strength) and the remaining small- 
nerve groups were successively blocked in the order of their conduction 
velocities. Fig. 3g presents the same situation as Fig. 3a but with records 
taken from the muscle surface (iliofibularis). Only a large muscle action 
potential is seen. In Fig. 3h (amplification x 10) most of the large nerves were 
blocked, the remaining ones setting up propagated impulses, while the small 
nerves set up the subsequent slow potential, made up of s.j.p.’s. In Fig. 33, 
corresponding to Fig. 3d, all but the small-nerve fibres were blocked, leaving 
the s.j.p.’s alone. By this method the previous findings correlating nerve fibres 
and their conduction velocities (Kuffler & Gerard, 1947) with their effects on 
muscle were confirmed in a more precise manner. Particularly useful in the 
present experiments was the availability of a ‘pure’ preparation of virtually 
all the small-nerve motor fibres. | 


Distinct innervation of muscle fibres giving fast and slow contraction 
Many hundred muscle fibres were entered with microelectrodes and their 
nerve supply was stimulated. Two principal types of response were observed. 
One was the large (110-130 mV) propagated muscle action potential of Fig. 4a 
associated with a muscle twitch (Nastuk & Hodgkin, 1950). In its electrical 
properties it resembles the nerve impulse, and it seems clear that its function 
is to activate locally the contractile mechanism as it sweeps along the muscle 
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fibre. The other type of response, seen in Fig. 46 (note time scale ten times 
slower), was a slow, relatively small potential which could be identified as the 
s.j.p. obtained in earlier studies by external electrodes. 

In addition, there is shown in Fig.'4c an end-plate potential (e.p.p.) obtained 
in the same position as Fig. 4a, and with the same amplification and time scale, 
but after transmission was blocked by a previous high-frequency tetanus. In 
some respects it resembles the s.j.p. and represents an intermediary process 
between the nerve impulse and the propagated muscle impulse; it is confined 
to the junctional region, and is usually seen only in fatigued or otherwise 
blocked junctions. Under special conditions, however, the e.p.p. is also found 


Fig. 4. Types of response Of striated muscles to nerve stimulation, recorded with intracellular 
electrodes from iliofibularis. a, twitch fibre with propagated muscle impulse, recorded at an 
end-plate. Electrode inside muscle fibre was 90 mV negative relative to outside. Zero 
membrane potential indicated by upper sweep with intensity modulation of 500 c/s. Total 
action potential 120 mV, i.e. 30 mV ‘overshoot’. Arrow marks end-plate potential com- 
ponent. If recorded some distance from junction, the end-plate component is absent. 
c, same electrode position as in a after transmission was blocked by previous high frequency 
stimulation. Resting potential 90 mV. 6, electrode in slow muscle fibre. Typical s.j.p. 
response following small-nerve stimulation. Note sweep speed reduced (50 c/s modulation). 
Potential peak only 10 mV, resting potential 52 mV, zero potential not shown. Large hyper- 
polarization or ‘ positive afterpotential’ (see also Fig. 9). 


in normal muscles (Kuffler, 1952). Its main role is not to activate the contractile 
system but to set up the propagated muscle impulse. The slower s.j.p., on the 
other hand, is associated with the development of tension (see later). 

No single muscle fibre gave the two main response types. The propagated 
action potential (with overshoot) or the e.p.p. was only seen with stimula- 
tion of the large-nerve group and a fibre giving this response never exhibited 
any potential change on stimulation of small-nerve fibres only. Conversely, 
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muscle fibres which gave the slow s.j.p. response did so exclusively on stimula- 

tion of the small-nerve fibres but gave no potential with large-nerve excitation. 

In view of the large number of fibres entered, and of the fact that all the large 

nerves, and most, if not all, the small nerves, were separately stimulated in 

each test, the results are regarded as adequate proof that no individual muscle 

fibre can receive both kinds of innervation and give both types of response. 

Evidence that hardly any nerve fibres escaped stimulation is provided by the 

fact that only rarely did a muscle fibre fail to respond at all in these tests. 

Additional evidence of two distinct types of muscle fibre is derived from the 
finding of a large difference in the membrane potential of the muscle fibres 
innervated by small and large nerves (see below). | 

There are thus two quite different systems of nerve-muscle connexions in 

frog skeletal muscle involving two separate groups of muscle fibres. The one 

is the twitch system associated with large-nerve innervation, the other the 

slow system with small-nerve connexions. 


Multiple innervation of individual slow muscle elements by small-nerve fibres 

If one or a few small-nerve fibres are stimulated in a whole muscle or par- 
ticularly in a muscle ‘strip’ preparation, one can record s.j.p.’s with external 
electrodes which may be sharply localized to a small junctional region. The 
potentials decrease with distance from the junction, and disappear at a few 
millimetres (Kuffler & Gerard, 1947, fig. 1). The spatial decrement is similar to 
that of the end-plate potential (e.p.p.) of curarized muscle originally observed 
with external leads and recently confirmed by Fatt & Katz (1951) with 
internal electrodes. In the studies of s.j.p.’s with external electrodes it was 
reported that a single small-nerve fibre might innervate several regions of a 
muscle, causing distinct local contractions at each area where the junctional 
potentials were recorded. Whenever a large number of small-nerve fibres 
was excited, however, it was difficult to localize distinct junctional foci and 
therefore the pattern of the distribution of small-nerve fibres on individual 
muscle fibres could not be determined. 

In the present experiments iliofibularis muscles with their ventral roots were 
set up and the small nerves exclusively stimulated by the technique already 
described. The location of the slow contraction was then looked for under the — 
microscope. It was found to be confined to a region extending for about 15 mm 
on the side of the muscle on which the nerve entered, and coincided with the 
‘tonus bundle’ described by Sommerkamp (1928). Microelectrodes were 
inserted into this area, mainly into muscle fibres running on the muscle surface, 
but occasionally the electrode was also thrust through the surface layer into 
the fibres lying more deeply. The small-nerve fibres were always excited first 
and if a ‘slow’ fibre had been entered, an s.j.p. was recorded. Whenever no 
potential change occurred, the whole nerve to the muscle was maximally 
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stimuleted, and as a rule a propagated impulse was set up. Whenever one | 


obtained s.j.p.’s after ‘properly’ (see later) entering a slow muscle fibre, the 
potentials varied little in size (8-15 mV) or time course, provided the small- 
nerve stimulus was maximal. This relative lack of variation is significant, when 
considered in relation to the local nature of s.j.p.’s which has already been 
established by their spatial decrement over a few millimetres observed in 
muscle-strip preparations by Kuffler & Gerard (1947). If long stretches of slow 
muscle fibres existed without innervation it would follow from the localization 
of the potentials to the nerve junctions that sometimes no potentials at all, or 
potentials of all transitional sizes should have been recorded, since several 
hundreds of such fibres were penetrated at random and some intermediate 
regions without innervation would certainly have been entered. Such extreme 
variations in potentials were actually observed if, for example, microelectrodes 


Fig. 5. Multiple terminations on single slow muscle fibres. Faster sweep than Fig. 45; early phase 
only of s.j.p. shown. Intracellular record from three different slow muscle fibres in iliofibularis. 
Graded stimulus strength to small-nerve fibres in ventral root brings in additional ‘steps’. 

_ In each record two sweeps superimposed. §8.j.p. components (arrows) are set up by different 
nerve axons with junctions in vicinity of electrode tip. Sweep speed in c 100 c/s; s.j.p.peaks 
8-11 mV. Hyperpolarization phase of s.j.p.’s seen on slower sweep only (see Fig. 9). 


were inserted at random into curarized or fatigued twitch fibres, and the end- 
plate potentials recorded. Since there are only a few such end-plates in each 
_ twitch fibre, there are considerable stretches from which no potentials, or only 
small potentials, are obtained. One may therefore tentatively conclude from 
the absence of such blank areas in slow muscle fibres that no region is far from 
a nerve ending. Each fibre must, therefore, receive numerous nerve endings, 
and it is probable that adjacent endings are from different axons. 

Evidence that different axons do supply the same fibre is presented in Fig. 5. 
Unlike propagated muscle impulses, which are all-or-nothing, s.j.p.’s recorded 
from the interior of a slow muscle fibre could be graded by altering the stimulus 
strength. Thus in Fig. 5, with all small-nerve fibres excited, the s.j.p.’s showed 
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several inflexions or ‘steps’ during the early part of their time course. By 
gradually weakening the stimulus strength, thereby exciting fewer smali-nerve 
fibres, the potentials became less complex. Further variation of stimulus 
strength caused each potential step to fall out or come in at a definite threshold. 
At a certain stimulus strength the steps disappeared, leaving an s.j.p. of simple 
time course, but smaller amplitude (Fig. 5b, c, lower trace). Only the following 
interpretation seems compatible with the observations: each step in the s.j.p. 
complex represents a depolarization by a different small-nerve fibre; several 
fibres innervate the selected muscle fibre in the vicinity of the microelectrode 
and add their contributions in discrete quanta to the total potential recorded, 
which is the resultant of them all (see also Fig. 9). The potential component 
with the shortest latent period has normally the lowest threshold and represents 
junctional excitation by the fastest small-nerve fibre. The potentials which 
appear later as steplike additions are set up by nerve fibres of higher threshold 
and slower conduction velocity. It is also clear that the recorded amplitude 
of the contributions of different small-nerve fibres to the s.j.p. complex, are 
not equal. A small addition to an s.j.p., e.g. at the second arrow in Fig. 5a, 
most likely represents the contribution of a small-nerve junction some distance 
from the microelectrode tip set up by a more slowly conducting nerve fibre. 
In Fig. 55 the potential was obtained in two large steps and one small. The 
largest component (second step) was presumably set up nearest to the electrode 
by a nerve fibre conducting more slowly than that which gave rise to the first 
but smaller step (from a more distant junction). The third step (second arrow) 
arose from the most distant junction excited by an even slower fibre. In 
Fig. 5c the s.j.p. showed two steps only, apparently set up by two axons of 
similar conduction velocity. 

From the present results, therefore, it may be concluded that individual 
slow muscle fibres are densely innervated over their whole length by a great 
number of small-nerve fibres. | 


The resting potential of fast and slow muscle fibres 

In measuring the resting potentials of cells somewhat arbitrary criteria have 
to be adopted in estimating the validity of the results obtained. For instance, 
if a region on the inside surface of the sartorius containing little connective 
tissue was selected for making the measurements, and if small electrode tips 
(about 0-5 x) and a ‘good’ micrometer advance was used, it was found that the 
uniform results of Ling & Gerard (1949) were readily confirmed, and the resting 
potentials were remarkably constant, within a few mV, even if a large series 
of fibres was measured. For example, one such series, of twenty-one fibres 
penetrated in succession, and without the rejection of any results, gave a mean 
resting potential of 95-6 mV (s.p. about mean, 2-4 mV); and another, of forty- 
six successive fibres without rejections, gave a mean of 90 mV (s.D. 2-6 mV). 
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A third series of 113 fibres gave a mean of 93-4 mV. When such fibres were 
entered the full ‘membrane potential developed within 1 msec (Nastuk & 
Hodgkin, 1950). In other regions of the same muscle, however, even when the 
same electrode was used and with conditions apparently unchanged, the 
resting potential values often showed appreciable scatter. Frequently these 
variable results were associated with the presence of visible connective tissue 
strands. In still other instances high membrane potentials (90-95 mV) in 
individual fibres were observed, but the final value was reached in a gradual 
fashion as the electrode advanced. In these cases some dimpling of the muscle 
fibre surface could often be seen under the microscope during manipulation. 
In other fibres the electrode might ‘snap in’, yet give a low resting potential 
reading. Occasionally obvious fibre damage was seen in such instances. 


A. Slow fibres B. Twitch fibres 


3 4 4 SO 5S 6 6 70 75 8 95 100 
Millivolts 


Fig. 6. A, resting potentials of 244 slow muscle fibres of iliofibularis. Open squares represent 
unselected potentials with distribution peak of 60 mV. Note absence of potentials above 
70 mV (see text). B, resting potentials from 239 twitch fibres in the sartorius. Distribution 
peak about 95 mV. 


With due regard to such difficulties significant differences have nevertheless 
been observed between the resting potentials of the slow fibres and the twitch 
fibres in all the muscles studied. The slow fibres showed consistently a lower 
resting potential than the twitch fibres. The membrane potential measure- 
ments of 244 fibres which gave s.}.p.’s are presented in Fig. 6A in two groups. 
The open squares represent individual unselected measurements and only 
fibres with obvious damage were not included. The filled-in squares represent 
the potentials of slow fibres selected according to the following criteria: 
(i) the electrode ‘snapped’ into the fibre, (ii) the resting potential did not fall 
off, (iii) the potential did not change with slight movement of the electrode. 
The membrane potential readings were made visually on the face of a cathode- 
ray tube. The observer's bias in selecting certain values is obvious. Only few 


L 60 

50 

45 

0's 

8 35 5 

= 


SMALL-NERVE JUNCTIONAL POTENTIALS 301 


readings of 49 or 59 mV were made, the natural tendency, since the accuracy 
was only to within 1-2 mV, being to select the round numbers 50 or 60. The 
distribution peak of the selected measurements was 60 mV. The population 
had a skew distribution, the majority being below the peak. This was to be 
expected since damage or imperfections in method could only serve to reduce 
the resting potential, The absence of potentials above 70 mV is highly signifi- 
cant in view of the measurements of twitch fibre potentials. As mentioned 
above, in several large series of measurements (Fig. 6 B) on the deep sartorius 
surface, averages of 90-96 mV were obtained from fibres giving twitch responses 
to nerve stimulation. While the ‘twitch portion’ of the iliofibularis was not as 
favourable to consistent results as the sartorius, or some other muscles, and 
the scatter of the measurements was greater, the peak resting potential values 
obtained from twitch fibres in this muscle also were always at least 20 to 
30 mV higher than those from the slow fibres. This estimate is derived from 
more than 500 twitch fibres in the semitendinosus and iliofibularis. 

In a small series of measurements the tendency would be to attribute 
differences in observed membrane potentials to such accidents as the presence 
of tough connective tissue or damage to the fibres. We feel that such an 
explanation of the difference between slow and twitch fibre resting potentials 
cannot be accepted. Very large numbers of fibres of both kinds were entered 
and the membrane potentials distributed themselves into two populations of 
the same shape, mounting to peaks at 60 and 95 mV respectively. Since both 
populations included many fibres in which confidence was felt (by the criteria 
mentioned) that the ‘true’ values had been obtained, the conclusion seems 
justified that the slow fibres regularly have a resting potential about 2/3 that 
of the twitch fibres. 


Extracellular electrodes 


The approximate time course of s.j.p.’s was determined on small muscle- 
strip preparations by Kuffler & Gerard (1947) and by Katz (1949) on the 
thin extensor digiti IV muscle. The s.j.p.’s rose to a peak in about 2 msec and 
decayed in about 50-60 msec. Fig. 7 shows some of the difficulties which arise 
if recording is done from a whole muscle (see also Tasaki & Tsukagoshi, 1944) 
like the iliofibularis. In Fig. 7a-c one electrode was placed at the distal end of 
the muscle while the other was moved to different positions on its surface. The 
small nerves exclusively within the 10th motor root were excited. Since in 
this case the active elements were surrounded by a mass of inactive tissue 
(twitch fibres) some of the conditions of volume conductor recording apply. 
The largest concentration (and size) of s.j.p.’s was obtained when the roving 
electrode was in the central part of the slow muscle fibre region (Fig. 7c). 
When both electrodes were close together on that region, a diphasic potential 
(Fig. 7d) was recorded, apparently the resultant of potential swings in the 


Characteristics of the 8.j.p.’s 
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same direction, but of different time course. Under some conditions even a 
spike-like potential was obtained. It is thus apparent that external records 
may not always give reliable information about the true course of s.j.p.’s. 


Fig. 7. Recording of s.j.p. 8 irom musole surtace Of iliofibularis after block of all twitch-producing 
nerve fibres. Right: electrode positions in relation to slow muscle fibre portion (shaded area). 
a-c, one electrode stationary. Largest potential (i.e. highest density of small-nerve junctions) 
at position shown in c. In d, s.j.p.’s arise asynchronously under both electrodes causing 
diphasic potential. Time base, 500 o/s. 


Intracellular recording. 8.j.p. time course with single stimuli 

As stated above, s.j.p.’s obtained with internal electrodes are remarkably 
constant in size and time course wherever they are recorded. This is only true 
if the majority of the small-nerve fibres with endings in the vicinity of the 
electrode are stimulated, since the recorded s.j.p.’s represent a composite 
potential derived from neighbouring junctional regions. Individual s.j.p.’s, 
however, even if obtained with certainly maximal stimulation of all nerve 
elements, i.e. without anodal block as in Fig. 9, do show fluctuations in size 
(about 10-15%) when excitation is repeated. The factors leading to this 
variability have not been specially studied, but might be due to small irregu- 
larities in conduction in the small-nerve terminals. The s.j.p. itself has the 
following three easily distinguishable phases. 

(i) Depolarization. The first phase consists of a rapid depolarization (i.e. the 
interior becomes less negative relative to the exterior) made up of several steps, 
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which can be seen on a fast time-base as distinct inflexions when small-nerve 
impulses do not arrive simultaneously (Fig. 5). On occasions a single s.j.p. has 
been found to be made up of as many as seven separate component steps. The 
total depolarization in response to a single small-nerve volley has never been 
more than 16 mV (25% of the membrane potential), the most frequent value 
being 8-10 mV. The time taken to reach the peak depolarization depends upon 
how nearly synchronous are the different steps, but for one step or for a single 
synchronous 8.}.p. the rise-time is 2-3 msec. 

(ii) Repolarization and hyperpolarization. The second phase is a slow re- 
polarization which always swings below the original resting potential into 
a hyperpolarization. The latter might be called a ‘positive afterpotential’ in 
conventional terminology, since it would be recorded as a positive potential 
_ with external leads. It is, in fact, an increase in negativity of the interior 
relative to the exterior. The fall of the potential from the peak of the depolariza- 
tion to the peak of the hyperpolarization or positive after-potential is approxi- 
mately exponential. Many potentials have been plotted semi-logarithmically, 
and the simple exponential sought which can be most accurately superimposed 
upon them. Fig. 8 shows such a line superimposed upon the falling phase of an 
8.j.p. which is also illustrated in Fig. 10. These plots regularly showed that the 
s.j.p. deviated slightly from a simple exponential. The simple exponential 
curves, fitted as closely as possible to a number of s.j.p.’s, were found most 
frequently to have a half time of 23-39 msec, i.e. the time constants (fall to 
l/e) were 33-56 msec. 

The voltage of the hyperpolarization is from 20 to 40% of the initial 
depolarization, the most frequent values being about 30%. Here again the 
size and shape of this phase is constant only if all of the fibre endings in the 
vicinity of the electrode are stimulated. One of the criteria of ‘adequate’ 
small-nerve stimulation is seen in Fig. 9, which shows the effect of altering the 
stimulus strength on the records obtained from a single fibre. Just as the initial 
depolarization increased or decreased in steps in Fig. 5, the phase of hyper- 
polarization also exhibited gradations of response. If the stimulus is reduced 
until only a single small step remains, the phase of hyperpolarization may not 
be perceptible. In this connexion it should be mentioned that whenever there 
was doubt whether some of the small fibres had been blocked along with the 
large, an unequivocal maximal small-nerve volley could easily be obtained by 
giving a non-blocking stimulus with the cathode placed peripheral to the 
anode. The records shown in Fig. 9 were, in fact, made with such non-blocking 
stimuli of different strengths. It should be noted that in Fig. 9a and 6 the 
large potentials are obviously not identical, although nerve stimulation was 
maximal and therefore the same small-nerve fibres were excited. 

(iii) Final restoration of membrane potential. The third phase consists of 
a return to the original resting potential after the hyperpolarization phase. 
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This is very slow and the total duration of the hyperpolarization is usually 
200-240 msec, the longest observed being near 0-4 sec. 

In Table 1 are presented the extreme and most frequent values of several 
parameters of s.j.p.’s, taken from measurements of numerous records. Since 
some, though very little, movement is associated with each small-nerve volley, 
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Fig. 8. Time course of s.j.p., depolarization peak to hyperpolarization peak recorded with intra- 
cellular electrode plotted on semi-logarithmic scale. Note deviation from exponential, 


indicated by straight line. This was a regular finding. Half-time of decay 32-4 msec. Ordinate: 
lmV=5mm. 


the possibility of artifacts in these measurements has to be considered. The 
regularity with which very similar records were obtained, and the fact that 
variations in initial tension, which greatly affect movement, did not affect the 
8.j.p.’8, provide strong evidence that the potentials observed were genuine 
membrane effects. In practice, movement artifacts (caused, for example, by 
simultaneous twitch fibre stimulation) were easily recognized, mainly by their 
irregularity. In the series of stimuli of increasing strength from which Fig. 9 
was obtained, for instance, the muscle twitched even before the first sign of an 
8.].p. appeared, since the large-nerve fibres have a lower threshold. The twitches 
did not dislodge the electrode or introduce visible artifacts into the record and 
caused no appreciable potential change in this slow fibre. The movement which 
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was added on top of the twitches by inclusion of small-nerve fibres must have 
} been relatively small. Still more convincing evidence is presented below that 


‘ even in the presence of such movement as is associated with a tetanus, succes- 
sive records could be identical (Fig. 11). 


Fig. 9. Intracellular records from a slow musele fibre of iliofibularis showing composite nature of 
s.j.p.’8. No block, entire ventral root 10 is stimulated with graded shocks (most of twitch 
portion cut, to reduce movement). a, three stimuli set up s.j.p.’s of different sizes. Two of the 

| shocks produce nearly identical potentials and the large s.j.p.’s differ mainly in the ‘ positive’ 

after-potential size. 6, same electrode position, three different intensities of stimuli. Near 
threshold the s.j.p. component is quite small. Note that during all records the muscle twitched 

| without dislodging electrode. Largest potential 9 mV, time base 50 c/s. 


1. Parameters of s.j.p.’s 


Amplitude 
Single s.j.p. "Extreme Most frequent 
Peak depolarization (mV) 16 8-10 
% of resting potential 27 12-18 
H larization (mV) 4-0 2-5-3-5 
% larization 20-46 25-35 
Response to a tetanus 
Depolarization Hyperpolarization % of 
Frequency value (mV) %, of s.j.p. value (mV) depolarization 
40/sec 13-23 180-240 5-0- 71 37-55 
100/sec 16-28 * 200-270 5-6-13-2 35-55 
150/sec 30-33 200-220 12-15 50 


Effects of two successive stimuli 
If two or more small-nerve stimuli are given at close intervals the potentials 
sum. The question naturally arises whether the first potential in any way 
affects a subsequent one. If the interval between volleys is long (Fig. 10a), the 
PH. OXXI. 
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measurement of the potential changes contributed by the second impulse 
presents no difficulty, because the first s.j.p. has already returned close to the 
original base-line before the arrival of the second. At shorter intervals, how- 
ever (Fig. 105) in order to calculate the contribution of the second volley alone, 
a single volley was superimposed upon the same record. It was then possible 
by subtracting this addition from the total potential change to obtain the 
parameters of the second s.j.p. (shaded area). It should be emphasized that 


Fig. 10. Intracellular records showing thd effect of two successive stimuli. a, 400 msec interval, 
the second s.j.p. is 10% smaller. 6, 50 msec interval, exposure of single stimulus and double 
stimulus superimposed. Early phase of s.j.p.’s coincides accurately. c, tracing of (b), con- 
tribution of second s.j.p. indicated by shaded area. d, tracing of first s.j.p. (solid line) plotted 
together for comparison with second s.j.p. (dotted line) derived by subtraction. The latter is 
about 10% larger and has a faster hyperpolarization. 


this procedure involves some important assumptions. It is implied that the 
processes which are initiated by the first volley, including the hyperpolarization 
and restoration of the resting potential, may continue unchanged to the end 
of their normal course and form the base-line for the second membrane change 
which is superimposed. The response to the double volley is thus the resultant 
of two discrete processes, which, once triggered, continue in a stable manner, 
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and the total potential is simply the algebraic sum of the potentials which each 
would have produced separately. In Fig. 106 the total potential after two 
nerve volleys seems to swing more steeply toward the phase of hyperpolariza- 
tion than it does after one volley alone. The subtraction method, however, 
reveals that the second s.j.p. did not differ greatly from the first. It is plotted 
in Fig. 10d, together with a tracing of the s.j.p. resulting from a single volley, 
so that the contributions of the first and second volleys may be compared. 
This illustration is representative of many measurements. Since, however, 
individual s.j.p.’s show appreciable fluctuations in size (up to 15%), small 
differences between successive s.j.p.’s as seen in Fig. 10 cannot be taken as 


significant. 


b 


Fig. 11. Intracellular records from one slow muscle fibre. Maximal nerve stimulation, no block. 
a, separate exposures of a single s.j.p. and of a tetanus at 150/sec superimposed. b, as a but 
tetanus at 100/sec. c, 50/sec and 150/sec superimposed. Resting potential 52 mV, zero line — 
modulated at 50 c/s. Note that ceiling depolarization is reached with 100/sec stimulation. 
Records at 150/sec in a and ¢ nearly identical. 


Effect of a tetanus 

If several shocks are given at regular intervals, the successive depolarizations 
build up to a plateau, whose average height depends upon the frequency of 
stimulation. In Fig. 11 are presented the results of stimulation of the same 
single muscle fibre by exciting the whole of ventral root 10 at frequencies of 
50, 100 and 150 shocks/sec. No anodal block was used and muscle movement 
was reduced by removing most of the twitch portion of the iliofibularis. It is 
clear that beyond 100/sec (Fig. 116) relatively little further depolarization is 
added by increased stimulation frequencies. (The maximal tension develop- 
ment at frequencies around 50/sec (Kuffler & Vaughan Williams, 1953, fig. 2) 
should be noted in this context.) In Fig. llc, the depolarizations produced 
by 50/sec and 150/sec stimulus series have been superimposed for comparison. 

Fig. 12a is an intracellular record of the responses of a single slow fibre to 
first one, then two, then three shocks at 10 msec intervals, each consecutive 
sweep being superimposed. The height and time course of each successive 8.).p. 
can be derived in the manner already described, by subtracting the other 
potential changes. The course of the derived second and third s.j.p. of Fig. 124 
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is plotted below for comparison with the first. Fig. 126 is a record of the 
effects of one, of seven and of eight shocks to a single fibre (a different one 
from that of 12a), all superimposed. The accuracy with which these successive 
records coincide provides convincing evidence that no serious artifacts have 
been introduced by movement. This figure also shows that the decay and 
recovery of the potential following seven or eight stimuli is almost identical 
since the tracing of one can be superimposed upon the other. This implies that 
once a plateau has been reached, previous activity does not further modify 
the course of succeeding additions of potentials. The last s.).p. of a series as in 
Fig. 125 may be almost the same as the first, as is shown in Fig. 126,, where 


Fig. 12. slow muscle fibres in the iliofibularis during repeated stimula- 
tion of small-nerve fibres within the 10th ventral root. The membrane potential was 50 and 
53 mV in the two fibres, the single s.j.p. 9 mV in both. Time base in upper records 50 c/s. 
a, three sweeps superimposed giving one, two and three nerve stimuli; intervals between 
shocks are 15 msec. Below are plotted in sequence from above the single s.j.p., and the con- 
tributions of the second and third nerve volleys, the latter two derived by the subtraction 
method (see text). b, three superimposed sweeps with one, seven and eight stimuli. Intervals 
20 msec. The single s.j.p. starts earlier and does not coincide with the first s.j.p.’s of the two 
series at 50/sec. Below are plotted the single s.j.p. and the subtracted contribution of the 
8th nerve volley, being the difference between the potentials set up by seven and eight 
stimuli. Note the accurate superposition of the two tetani, making movement artifacts 
improbable. 
the s.j.p. at the end of a tetanus of eight stimuli has been derived by sub- 
traction of the superimposed tetanus of seven stimuli. It is compared with 
a tracing of the single s.j.p. which is also seen in Fig. 126,. Their conformity 
confirms the supposition that, although individual components may be slightly 
affected by their predecessors, the plateau seen during a tetanus is built up 
by the simple addition to one another of basically similar units. 
Lamitation of depolarization plateau. At any given frequency of stimulation 
a ‘plateau’ is reached, because the membrane repolarizes during the interval 
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between stimuli to the extent by which it is depolarized by each stimulus. 
Even at 150/sec the membrane was never completely depolarized. The plateau 
is built up of individual s.j.p.’s of similar characteristics. The initial event of 
each 8.j.p. is a brief (2-3 msec) phase of depolarization which may represent 
a transfer of charge by ionic flux. This is followed by restorative processes 
(repolarization, hyperpolarization) of relative stability which continue, as 
revealed by the subtraction method, even if further impulses are added. The 
stability implies a membrane structure whose electrical characteristics vary 
little during the restoration process. 

It was thought of interest, therefore, to construct a simple electrical model 
by which the observed behaviour of the membrane could be reproduced. In 
Fig. 13, circuit 1 contains a voltage source #, representing the membrane 
e.m.f., the positive pole being the outside of the fibre at ground potential. It is 
assumed that the source is of high impedance, i.e. that if current is drawn, the 
voltage will drop; R, (50 kQ) is, therefore, introduced to represent the internal 
resistance of the membrane battery. R, (100 kQ) represents the transverse 
leak resistance of the membrane; the voltage across R, (=resting potential) is 
60 mV. C, (1uF) represents the membrane capacity. Recording leads are 
placed across the membrane resistance, R,. (R, of 2-2 MQ, the input impedance 
of the p.c. amplifier, has to be included in any circuit analysis.) 

If now the membrane resistance is temporarily reduced by closing a switch 
S (a high-speed relay) for a definite length of time (3-5 msec), thereby including 
a smaller resistance R, in parallel with R,, the condenser C, discharges during 
the closure of the switch; then slowly recharges when the switch opens again, 
with a time constant determined by C,, R, and R,. The smaller R,, the more 
rapidly C, will discharge, and if R, is zero then C, will remain totally 
di ed throughout the closure of the relay. Fig. 13a shows the course 
of ile and recharging of C, for four different values oe R, from zero to 
10 

Fig. 136 illustrates how a ‘plateau’ is reached in this circuit if R, is 10kQ 
(which reduces the ‘membrane leak resistance’ to one-eleventh of its former 
value during the closure of S) and the relay is closed (for 3 msec on each 
occasion) at 50 closures/sec. In Fig. 13c the plateau reached at 50/sec is 
compared with that reached at 30/sec. There is an obvious similarity between 
the behaviour of this model and that of the slow fibre membrane, but there is 
absent the phase of hyperpolarization. This can easily be supplied by the 
addition of a further R-C circuit, as shown in circuit 2 (C,=0-3uF and 


_ R;=1 MQ). One end of R, is returned to the potentiometer terminal (P) of R,. 


Fig. 13d is a record from circuit 2 of exactly the same operation as Fig. 13¢, 
with P at position C. In order to increase the ‘positive afterpotential’, P is 
turned toward position B. In this way the circuit can be made to provide good 
imitations of any of the records obtained from inside slow fibres. Fig. 13¢ and g 
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are recorded from circuit 2, while f and h are from microelectrodes within single 
slow muscle fibres. 

The interest of this model is in the fact that it demonstrates how the type 
of complex potential response observed in slow muscle fibres could, from 
a purely electrical point of view, be explained on the hypothesis that a nerve 


Fig. 13. Potential changes in model circuits compared with s.j.p.’s obtained by intracellular 
recording. a, key S of circuit 1, operated by a high speed relay, closed for a few msec. Record 
obtained when 2, is at four different values from zero to 10 kQ. When R, is zero, C, is dis- 
charged throughout closure of relay. b, record obtained from circuit 1 when switch S is closed 
for 3 msec (R,=10 kQ), at 50 closures per second. c, as b; comparison of records when relay 
frequency is 30/sec and 50/sec. d, record from circuit 2; conditions otherwise as in c. 
Position of potentiometer arm P, at C. ¢ and g, ‘artificial s.j.p.’s’. Position of P between B 
and C. f and 4h, actual s.j.p.’s obtained with microelectrode inside a slow muscle fibre after 
nerve stimulation. R,, 50 kN; R,, 100 kQ; R,, 0-10 kQ; R,, 2-2 MQ; R,, 1 MQ; C,, lyk: 
Cy, 03 uF; Z, 90 mV. Closure of the relay switch S short-circuits the ‘membrane leak 
resistance’, R,, with the smaller resistance R,. 


volley did no more than reduce the membrane leak resistance by a factor of 
about ten. The remainder of the potential course is the result of current flow 
through a very simple circuit. The similarity between the records from circuit 
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and muscle provides no evidence, of course, that the electrical characteristics 
of the membrane are, in fact, similar to those of the model. 


Neuromuscular delays and conduction in terminal regions 

The usual method of obtaining conduction velocities was by recording the 
small-nerve potentials near their entry into the muscles at a known distance 
from the motor roots (Fig. 3). The slowest small-nerve conduction velocity 
observed was_1-8 m/sec, the fastest 7-5 m/sec at about 22° C. Another method 
was to take the rise of the junctional potential as an index of arrival of the 
impulses at the small-nerve ‘end-plates’. Neuromuscular delay times at the 
junctions, i.e. between arrival of the nerve impulse at the terminal region and 
the setting up of the s.j.p., were included in the ‘conduction’ time measured 
by this method. In many instances these delays could not have been longer 
than 2 msec, when the actual conduction time down the nerve (assuming 
uniform conduction velocities between root and muscle terminals) was sub- 
tracted from the total time between stimulus and commencement of the s.}.p. 
On the other hand, as seen for example in Fig. 56, total conduction times as 
long as 29 msec occur for distances of 29 mm at a temperature of 22° C, 
implying a conduction velocity of 1 m/sec. The discrepancy between calcula- 
tions by the two methods may be due to: (i) nerve impulses from the slowest 
conducting nerves were too small to be seen when the leads were on the 
nerve near its entry into the muscle, although the s.j.p.’s they produced were 
readily recorded from inside a single muscle fibre; (ii) there occurs a tapering, 
and consequent slowing of conduction, in the intramuscular region due to 
extensive branching of nerve terminals; (iii) neuromuscular delays may be 
longinsome of thefibres. It is suspected that slowing due to extensive branching 
and consequent tapering is the principal factor in producing the apparent 
slower rates of conduction. The conduction velocities for small-nerve fibres of 
4-8 m/sec, obtained by Kuffler & Gerard (1947), should now be revised to 
include the slower conducting elements of 2 m/sec or less. No data are at 
present available to convert conduction velocities into diameter spectra, as 
can be done for cats. 

DISCUSSION 

Once small-nerve stimulation was found to cause local contractile effects, two 
possibilities were considered: (i) the slow contractions could occur in muscle 
fibres which also gave propagated impulses and twitches. In that case the 
small-nerve action could ‘set’ the initial tension on which twitches were 
superimposed. (ii) The existence of two separate nerve-muscle systems could 
be postulated. The second alternative has now clearly been demonstrated. In 
the absence of propagated membrane changes or of some other mechanism by 
which the activation within the contractile substance could spread, efficient 
tension development could hardly be expected in muscle elements of some 
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length since much of the work would be expended in stretching the inactive 
elastic tissue (see Kuffler & Vaughan Williams, 1953). The innervation pattern 
which enables the individual slow muscle fibres to shorten at multiple points 
along their course seems to overcome the shortcomings created by the absence 
of propagated impulses. In fact, with a synchronous small-nerve volley the 
activation will be as simultaneous as the dispersion of the impulses due to 
differences in conduction velocity permits. 

Knowledge of the precise innervation density by separate axons will have to 
await histological determination. Such investigations have been made in 
crustaceans by Harreveld (1939) and Harreveld & Wiersma (1939), where 
local contractile activation also occurs. It is likely that the small-nerve 
junctional contacts differ from those of the larger nerve fibres which show an 
appreciable terminal ramification in frogs (Couteaux, 1947). In a study of the 
innervation of the sartorius and of the iliofibularis muscle Giinther (1949) 
found fine nerve fibres concentrated in the ‘tonus bundle’ region. Although 
the terminal regions could not be resolved, the small fibres showed a pattern 
which distinguished them from the better known ‘end-plates’. The internal 
electrode probably records s.j.p. components over a distance of several milli- 
metres, assuming a spatial spread similar to that found in twitch fibres by 
Fatt & Katz (1951). Since as many as seven separate components of one s.}.p. 
were seen, it is likely that the density of contacts is great. This arrangement 
creates a mechanism by which activity in individual fibres can be graded in 
very fine steps. Not only can the foci of contractile activation along the fibre 
course be made more or less dense, but the area of each active region and the 
intensity of its activity can be graded either by adding new nerve elements or 
by increasing the frequency of impulses. The tensions developed by appropriate 
reflex activation of small-nerve fibres can approach those observed with 
electrical stimulation (at 20/sec) of the majority of the small-nerve fibres 
reaching an individual muscle (Kuffler et al. 1947, fig. 3). A spinal mechanism 
for a combination of synchronous and high frequency discharge seems to exist. 

Multiple innervation, i.e. more than one nerve fibre ending on one muscle 
fibre, is not confined to slow vertebrate muscle fibres. Although less dense, it 
is present in the frog sartorius (Katz & Kuffler, 1941), and it has lately been 
demonstrated also for other twitch muscles of the frog and shown to be 
common in the cat. The cricothyroideus is particularly interesting. Feindel, 
Hinshaw & Weddell (1952) have demonstrated histologically the existence in 
this muscle of adjoining end-plates on one muscle fibre, and Hunt & Kuffler 
(1953, in preparation), by the use of internal electrodes, have shown reeently 
in the same muscle that the individual end-plates on single muscle fibres can 
be supplied by separate axons from different nerves. Isolated instances of 
multiple end-plates have been shown histologically by Cole (1946) and by 
Jarcho, Eyzaguirre, Berman & Lilienthal (1952) in rats, and physiologically in 


wr Vw 


SMALISNERVE JUNCTIONAL POTENTIALS 313 


the adductor longus of the frog by Kuffler (1942, fig. 1), Evidence for a dense 
innervation of muscle elements within mammalian spindles was more recently 
obtained by Hunt & Kuffler (1951). 

The potentials from the junctions of small nerves to slow fibres have been 
revealed in these studies as strikingly different from those of large-nerve 
twitch-fibre junctions, as seen both by external and intracellular recording 
methods. In the latter studies, however, Fatt & Katz (1951) did come to the 
conclusion that the end-plate potential itself (distinct from the propagated 
muscle impulse which can be recorded by a microelectrode at an end-plate) 
did not exceed the resting potential, i.e. it showed no ‘overshoot’. In this 
respect a similarity exists. In the twitch fibre junctions the relatively short 
intense transmitter effect causes a localized depolarization which usually leads 
to the setting up of a propagated muscle impulse. Unless such propagation is 
caused, the depolarized region (the e.p.p.) recovers in the same manner as it 
does after an applied subthreshold current pulse. At the small-nerve junctions, 
the transmitter effect also appears to last only a few milliseconds, but the 
subsequent course of the membrane change is quite different, being about ten 
times slower, and including a phase of hyperpolarization. The exact time 
course of a ‘simple’ s.j.p. is not known since it would be necessary to excite 
one small-nerve junction alone and find its centre with an internal electrode; 
this has not so far been found practicable. There is no reason, however, to 
assume that it differs from the usual composite s.j.p. which always has a phase 
of hyperpolarization (positive after-potential). The latter becomes increasingly 
evident with repeated stimulation and is present at all ranges of the resting 
potential at which s.j.p.’s were obtained. 

It should be mentioned that the individual s.j.p.’s remained similar in size 
and shape even though the membrane potential occasionally fell by 20-30% 
between records. It was observed, however, that when such a fall of resting 
potential had occurred, the original value could occasionally be restored by 
a mechanical ‘adjustment’ of the micromanipulator, without pulling the 
electrode out of the fibre. For such reasons caution has been exercised in 
estimating resting potential values (see pp. 299-301). © 

It is not known whether the observed behaviour of the slow fibres occurs 
only in response to nerve stimulation. It would be of interest, for example, to 
see if another type of stimulus, such as a subthreshold current pulse, would 
evoke the same sequence of repolarization and hyperpolarization; or if a 
stronger pulse could give rise to propagation in a slow fibre. It has not been 
possible to insert two microelectrodes into a single slow fibre, however, and so 
this information is not yet available. 

Potential sequences in some respects analogous to s.}.p.’s were recorded by 
Laporte & Lorente de Né (1950) in the postsynaptic region of the superior 
cervieal ganglion of the turtle under the influence of tubocurarine. Both 
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positive and negative phases do occur in this preparation and show a relation- 
ship similar to that of the corresponding phases of s.j.p.’s after single or 
repeated stimuli. Positive components, set up by presynaptic impulses were 
seen by Brock, Coombs & Eccles (1952) in motor-horn cells with intracellular 
electrodes. An attempt to account for the potential changes of slow muscle 
fibres on the basis of ionic fluxes (see Hodgkin’s review, 1951), seems 
premature in the absence of further experimental evidence. The electrolyte 
content of the fibres is not yet known. | 

The apparent inability of slow muscle fibres to conduct propagated impulses 
on nerve stimulation can probably not be explained on the basis of a lower — 
resting potential alone. Propagated impulses have been seen in twitch fibres 
when the resting potential has fallen below 60 mV after injury or ‘ageing’. 
It should be noted that in slow fibres after maximal small-nerve stimulation 
the potential of the whole membrane changes more or less simultaneously at 
all points along the fibre. Longitudinal currents, such as those which flow 
between active and inactive regions during the conduction of a propagated 
impulse and which account for the propagation, are probably of little impor- 
_ tance in slow fibres, except perhaps during the initial phase when an asyn- 
chronism in the time of arrival of impulses at adjacent junctions would permit 
a potential difference to develop between them. Throughout the depolarization 
plateau, during tetanic stimulation, current spread along the axis cylinder 
should certainly be absent; nor can there be longitudinal currents during 
chemical depolarization when the whole length of the fibre is immersed into 
a depolarizing solution (Kuffler & Vaughan Williams, 1953). 

The innervation and junctional potentials of slow fibres have been estab- 
lished as being in marked contrast to those of the much studied twitch muscle 
fibres. The lower resting potential is another property which sets these 
muscle fibres apart. The possibility of some unknown factor causing the quite 
consistent lower membrane potential reading cannot be excluded. In spite of 
several hundred measurements, even one verified potential of 90 mV would 
necessitate a revised interpretation of the resting potential data of slow 
muscle fibres. As pointed out above, however, the evidence for two distinct 
nerve-muscle systems is not based on membrane potential measurements. 


SUMMARY 


1. In the organization of the frog’s skeletal musculature there exist two 
distinct systems of nerve-muscle connexions. One is associated with ‘large- 
nerve’ fibres of conduction velocities about 8-40 m/sec which lead to propagated 
muscle impulses and quick contractile responses. This is called the twitch 
system. The second is the ‘small-nerve’ system, associated with nerve fibres 
which conduct at 2-8 m/sec and lead to localized electrical responses in the 
muscle and slow contractions. The behaviour of single elements in the latter 
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system was studied in this investigation by recording potentials with intra- 
cellular electrodes. 

2. A method is described which permits convenient exclusive stimulation 
of fibres of different diameters within the ventral roots. By choosing an appro- 
priate interelectrode distance and a rectangular electric pulse of requisite 
duration and intensity, nerve impulses can be selectively blocked at the anode, 
according to their speed of conduction and diameter. 

3. If microelectrodes are inserted into muscle fibres two different types of 
electrical response can be recorded : (i) a non-propagated relatively slow change 
which is set up by small-nerve fibres and can be identified as the small-nerve 
junctional potential (s.j.p.); (ii) the well-known propagated muscle action 
potential, caused by large-nerve fibres in the familiar twitch fibres. The small- 
nerve innervated elements have been named ‘slow’ muscle fibres; they give 
local contractions only and have other special properties which set them apart 
from other skeletal muscle fibres. No overlap of innervation between the 
distinct muscle fibre groups occurs, and accordingly no muscle fibre has been 
found to give both s.}.p.’s and propagated muscle impulses. 

4. The resting potentials of several hundred muscle fibres were measured. 
The slow fibres show consistently lower potentials, with a peak distribution at 
60 mV, while the twitch fibres exhibited resting potentials of 90-95 mV, in 
confirmation of previous work. Some technical difficulties associated with 
these measurements are discussed. 

5. Each s.j.p. obtained with maximal nerve stimulation is a composite 
potential and is set up by the junctional activity of numerous small-nerve 
fibres (Figs. 5 and 9). Since the local nature of s.j.p.’s is known and since they 
are of remarkably constant size when recorded anywhere along the slow — 
muscle fibres, it is concluded that small-nerve fibres innervate individual 
muscle elements densely along their whole course. The numerous junctional © 
contact areas, by locally activating the contractile system over a large stretch, _ 
apparently compensate for the absence of propagated muscle impulses. 

6. The characteristics of single s.j.p.’s were analysed and their principal 
features are the following: the composite s.j.p.’s rise in a few msec to a peak 
depolarization of 7-15 mV, and the restitution takes place along an approxi- 
mately exponential time course with a half time of 23-39 msec and leads into 
a phase of hyperpolarization (positive after-potential). The latter phase reaches 
20-50% of the depolarization peak and is followed by a gradual return to the 
original resting potential level. The whole potential complex may last up to 
0-4 sec at 20-24° C and differs from the end-plate potential found at twitch . 
fibre junctions. 

7. With repetitive small-nerve stimulation the s.j.p.’s sum and after an 
initial rising phase a depolarization plateau is established depending on the 
frequency of stimulation. The component parts of the membrane change during 
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a tetanus were analysed, and it is concluded that the summed potential results 
from the addition of basically similar units. Each individual potential com- 
ponent appears to follow a stable time course which is unaffected by preceding 
or subsequent membrane activity. 
8. A simple electrical model which reproduces many features of the s.}j.p.’s 
is presented. 
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It has long been known that skeletal muscles differ widely in their speed of 
response, their ability to maintain tension, and in many other properties. 
A number of papers has been published since the middle of the last century 
dealing with the relation of such characteristics to differences in muscular 
- function. In spite of prolonged and extensive work in this field, however, there 
was little experimental evidence which showed any wide differences between 
the physiological properties of skeletal muscles. It remained for Sommerkamp 
(1928) and later Wachholder and his colleagues (Wachholder & von Ledebur, 
1930, 1931; Wachholder & Nothmann, 1932) to show that certain muscles of 
frogs, and even certain parts of some muscles, exhibited ‘tonic’ properties not 
possessed by the other ‘non-tonic’ muscles of the body. The tonic muscles 
responded to various stimuli (e.g. to mechanical and electrical excitation, and 
to immersion in drug solutions) with a slow maintained contraction. The 
authors did not suppose that the tonic responses were given by qualitatively 
different fibres; they assumed merely that certain fibres played a dual role and 
possessed, in addition to the twitch properties held in common with other 
skeletal muscles, the special quality of responding slowly and with little fatigue. 
The stimulus to a more intimate physiological study of striated muscles was 
given by the findings reported in previous papers that slow contractile re- 
sponses were evoked in some frog muscles by stimulation of motor nerves of 
small diameter. Now that it has been established (Kuffler & Vaughan Williams, 
1953) that there are two functionally distinct nerve-muscle systems (the small- 
nerve slow-muscle fibre system, and the large-nerve twitch-fibre system) a 
detailed examination of the different properties of muscles which do and do not 
contain slow muscle fibres has become physiologically more meaningful. 


* This investigation was supported by a research grant from the National Institutes of Health, 
Public Health Service. 
t Fellow of the Rockefeller Foundation; from the Department of Pharmacology, Oxford, 
England. 
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The twitch-producing muscle fibres, as a group, have in common a set of 
properties, among which are included definitively the ability to give on nerve 
stimulation propagated electrical impulses associated with a reversal of 
membrane potential (‘overshoot’), and the well-known twitches, i.e. fast 
shortening or tension development. There exist many differences within this 
group, such as variations in colour, transparency, rates of conduction, 
contractile behaviour and even in histological characteristics. These dif- 
ferences, however, might be termed quantitative. The ‘slow’ muscle fibres, 
on the other hand, differ from the twitch fibres so fundamentally that they 
may be regarded as qualitatively distinct elements. The twitch response and 
propagated impulse are absent, In addition, the slow fibre membrane pro- 
perties are in a separate class, since on nervous excitation the action potential 
does not exceed the resting potential, nor is the restitution process after an 
initial depolarization similar to the local responses which can be set up in twitch 
fibres by subthreshold stimulation. Further, the innervation of slow muscle 
fibres is diffusely distributed over the whole fibre length, in contrast to the 
discrete focal pattern of twitch fibres. There is also evidence that twitch and 
slow muscle fibres can be distinguished histologically (Kriiger, 1952). It is 
likely that many other differences from twitch fibres will emerge, such as 
peculiarities in ionic content and exchange, or in metabolic requirements. 

The existence of qualitatively distinct slow elements in skeletal muscle 
raises the question as to how far previously observed phenomena can be 
attributed solely to their activity. In the present study the distribution of the 
slow fibres in the body and their approximate density in some of the muscles 
has been investigated. Evidence will be presented that it is they alone which 
respond to immersion in solutions of acetylcholine (ACh) or KCl with a pro- 
longed contraction, so that all pharmacological assays of ACh on, for example, 
the frog rectus preparation have in fact been carried out upon the slow fibre 
system. It is thought that many results obtained in previous studies dealing 
with ‘tone’ or ‘contractures’ in frog skeletal muscles can be interpreted as the 
responses of the two distinct types of muscle elements. For the reviews of this 
extensive field see Fulton (1926), Gasser (1930), Bremer (1932), Brecht (1952) 
and Kriiger (1952). : 


METHODS 


As in previous experiments male and female summer and winter frogs (Rana pipiens) and bull- 
frogs (R. catesbiana) were used. Although seasonal differences may play a role, they did not affect 
the fundamental properties of the muscles as far as this study is concerned. 

Large or small motor nerve fibres were stimulated selectively by the method described in the 
preceding paper (Kuffler & Vaughan Williams, 1953). Tensions were measured isometrically (unless 
otherwise stated) by a mechanico-electrical transducer, RCA 5734 tube, coupled to a p.c. amplifier. 
Solutions bathing the preparations were conveniently changed with minimal interference to the 
muscle by apparatus illustrated in Fig. 1. The muscle lay in a small open Perspex container 
holding frog Ringer solution. The container in turn lay in a larger dish holding paraffin oil. By a 
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system of communicating vessels the solution surrounding the muscles was removed and simu|- 
taneously replaced by the test solution. For electrical recording with external leads the muscle 
was lifted into the paraffin oil, while for tension measurement or intracellular recording it could 
be left in position in the bath. 


Fig. 1. System of communicating vessels for removing and simultaneously replacing solutions 
surrounding muscles. R, Ringer; 7’, test solution; W, waste. Shaded area: paraffin oil. 


RESULTS 

Characteristics of tension development on small-nerve or ‘direct’ stimulation 
The characteristic contractile response to stimulation of a single small-nerve 
fibre was* reported by Tasaki & Mizutani (1944), and detailed observations 
were published by Kuffler, Laporte & Ransmeier (1947) and Kuffler (1949). 
With the present convenient method of blocking large-nerve fibres many 
further tests which required repeated controlled stimulation were performed. 
The method made possible the separate and repeated activation of two different 
groups of muscle fibres, so that a study could be made of the individual 
behaviour of each group and of their interaction. 

Time cotirse of tension development. Facilitation. If one or a few small-nerve 
(s.n.) fibres are stimulated with a single shock, no muscle movement or only 
a minute movement is seen in muscles of the size of the iliofibularis or semi- 
tendinosus. Nevertheless, with low initial muscle tensions (about 0-5 g or less) 
and stimulation of practically all s.n. fibres to such muscles, the mechanica! 
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effect of one stimulus can always be detected visually or by a sensitive tension 
measuring instrument. Slow muscle fibres show true mechanical facilitation, 
i.e. during @ series of stimuli successive nerve volleys add increasing amounts 
of tension. Fig. 2 illustrates the increasing effectiveness of s.n. stimulation as 
the frequency increased. It is of interest to note that almost the same tension 
is produced by stimulation at 40/sec as by stimulation at 75/sec or at higher 
rates. The principal difference lies in the speed at which the tension is developed. 
These curves resemble those in crustaceans (Katz, 1936; Pantin, 1936) where 
non-propagated responses predominate. 


Fig. 2. Fig. 3. 

Fig. 2. Effectiveness of small-nerve (s.n.) stimulation at various frequencies. Isometric tensions 
set up in slow muscle fibres in the iliofibularis by stimulation at frequencies of 4, 10, 20, 30, 40, 
50 and 75 per sec, maintained for the duration of the sweep. No twitch motor unit activity 
present. All seven exposures superimposed on one record. At the three highest frequencies 
the final tension was similar but the rate of rise differed. Maximum tension 2 g. Initial 
tension (1.T.) 0-5 g. Transducer set-up. . 

Fig. 3. Isometric tension developed by slow muscle fibres of the iliofibularis on s.n. stimula- 
tion. Lower record: stimulation at 20/sec for duration of sweep. Upper record stimula- 
tion at 10/sec with paired stimuli 16 msec apart. Note the faster tension rise. 1.T. 0-5 g. 
Maximum tension 1-6 g. Time scale, 1-8 sec intervals. 


Fig. 3 illustrates a mechanism of speeding up the rate of slow muscle fibre 
tension development by closely spaced double stimuli. Paired volleys 16 msec 
apart were more effective at a rate of 10/sec (steeper curve) than single stimuli 
at 20/sec, although no consistent difference between the final peak tensions 
was seen. In view of the dense innervation of slow muscle fibres and the known 
synchronous bursts of s.n. discharges during reflex activity, it is likely that the 
frog can make use of such a mechanism in its normal behaviour. Shorter 
bursts of ‘paired’ discharges would be as effective as longer discharges of 
relatively high frequency, regularly spaced. 

It is difficult to make strict comparisons between the rates of tension 
development between twitch and slow fibres, since conditions which are optimal 
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for the one are not for the other. Large tensions rise to a peak in 20-40 msec 
at about 22° C in the sartorius and other muscles after a single nerve stimulus, 
while the slow fibres must be repeatedly stimulated for effective tension 
development. The rate of tension rise in slow fibres recorded at the muscle 
tendon under isometric conditions can nevertheless be quite rapid on tetanic 
stimulation, although it is always many times slower than that of the twitch 
elements in the same muscle. 

The rates of relaxation of the two groups of muscle elements are even more 
strikingly different. At temperatures around 20° C the tension after a twitch 
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Fig. 4. Slow fibre activity recorded isometrically and isotonically from a ‘slow’ strip preparation 
of iliofibularis. A, isotonic. Small-nerve stimulation for 20 sec at a rate of 20/sec. Note the 
well-maintained residual shortening 10 min after cessation of stimulation at 1.7. 0-5 and 
1-0 g. B, isometric. Stimulation as in A, same preparation. Note there was little difference 
in tension peak and time course at the two initial tensions. 


tetanus usually falls to the base-line in a fraction of a second, while after slow 
muscle fibre activity the relaxation is measured in many seconds or minutes 
(Fig. 4A, B). 

Effect of initial tension and of recording system. The optimal initial tension 
for slow fibre tension development in muscles of the size of the iliofibularis is 
between 0-3 and 0-7 g. For twitch fibres of this muscle, on the other hand, the =} 
optimal initial tension is between 1-5 and 3 g. In this connexion it is of interest 
that at an initial tension of less than 1 g there is some failure of large-nerve 
twitch fibre transmission in many frog muscles, even in the absence of fatigue 
or injury (Kuffler, 1952). 

The RCA transducer, giving full-scale deflexion to a stylus movement of 
only 80, did not contribute effectively to the muscle shortening. Whatever } 
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shortening occurred, therefore, was that permitted by the elasticity of the 
muscle itself, and of the tendon and thread. If shortening is permitted, slow 
fibres relax even more slowly than under isometric conditions. The rates of 
relaxation after cessation of maximal s.n. stimulation at similar initial tensions 
are compared under isometric and isotonic conditions in Fig. 4. The small 
nerves innervating the muscle were stimulated for 20 sec at a rate of 20/sec. The 
long-lasting residual shortening at low initial tensions (0-5 and 1-0 g) is striking. 
This residual tension, persisting after stimulation has ceased, can be immed- 
iately abolished or greatly reduced by stretch or by a superimposed twitch (see 
below, Fig. 66). The importance of initial tension and recording conditions for 
the demonstration of slow fibre effects is emphasized, for these factors are sig- 
nificant in the interpretation of work on contractures, particularly by earlier 
workers who preferentially measured shortening of muscles (see discussion). 

There is some evidence that even in the absence of stimulation the slow 
fibres ‘spontaneously’ contract to a certain length. If the slow fibre region, in 
muscles like the iliofibularis or semitendinosus submerged in Ringer solution, 
is closely observed microscopically under transmitted illumination, a gradual 
shortening and ‘bunching’ of that area is frequently seen without any nerve 
excitgtion. If the muscle is stretched and released again, the shortening 
reappears slowly. The stretch itself may be a stimulus. This ‘spontaneous’ 
activity is mentioned since it has frequently been observed, but no definite 
evidence supporting these impressions and excluding various other causes 
(e.g. small injuries) is available. 

The interaction of slow and twitch fibres. Previous attempts to demonstrate 
the summing of twitch tensions and slow muscle fibre tension were not always 
successful. These failures were mainly due to inadequate mechanical recording 
conditions. When small nerves were stimulated by the present methods, it 
could be readily demonstrated that the tension produced would sum with that 
produced in response to a superimposed stimulation of twitch fibres. To 
demonstrate this point the large-nerve fibres of root 10 were stimulated in 
Fig. 5 and after the first two twitches s.n. stimulation was started. Addition 
of root 9, which generally contains the majority of large-nerve fibres, but only 
few s.n. elements (Fig. 106), merely increased the twitch height which was 
added to the slow tension. 

The other main points of interest in the interaction of the two systems are 
as follows. If a brief period of twitch fibre stimulation (preferably submaximal) 
is superimposed upon a maximal s.n. tetanus, the slow fibres may,maintain a 
greater final tension than they could have developed alone (Fig. 6a). A corollary 
of this phenomenon js that after a brief superimposed twitch tetanus, con- 
tinued slow fibre stimulation at a low frequency (producing little tension by 


slow fibre stimulation at higher frequencies. 
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In contrast to the synergism of twitch and slow muscle fibres during s.n. 
activation, the slow relaxation after the completion of a period of s,n. stimula- 
tion can be greatly hastened by the interposition of brief twitch fibre stimula- 
tion. Fig. 66 illustrates how this slow fibre ‘residual tension’ is suddenly 
reduced (collapsed) by a short tetanus. It was this phenomenon which formerly 
encouraged the belief that fast and slow tensions were produced by the same 
muscle elements. The effect is most probably purely mechanical, because slow 
fibre residual tension can also be abolished by stretch. 

‘Direct’ stimulation of slow muscle fibres. The characteristic response of 
muscles containing slow fibres is exhibited not only when small motor nerves 
are stimulated, but also when a muscle containing them is stimulated directly. 
‘Direct’ excitability of muscle fibres was usually tested in the following way. 


Fig. 5. Summation of tension of slow and of twitch muscle fibres. Large-nerve fibres arising in 
root 10 to the iliofibularis were stimulated at a rate of 1/sec causing twitches of 2-5 g. 
After the first two twitches s.n. stimulation was started in the root by a second pair of 
electrodes. The twitch tension sums with the tension in the slow muscle fibres. If the nerve 
fibres in root 9 were also excited the twitches which were added to the slow tension became 
much larger. 


A curarized iliofibularis muscle was divided longitudinally by careful dissection 
into two equal parts, an operation which can be performed with damage to 
only a few fibres. One part included the slow muscle fibres innervated by small 
nerves, the other contained twitch elements only and was supplied by the 
larger nerve fibre group. Even in the slow portion, however, the slow fibres 
were always outnumbered by twitch fibres, the slow fibres being merely inter- 
spersed among them (Kuffler & Vaughan Williams, 1953), and cantrary to 
widespread belief there have been found no muscles or parts of muscles con- 
taining ‘purely tonic’ elements only. 

Direct stimulation through two Ag-AgCl-wick electrodes applied to the 
surface, using rectangular current pulses of 1-0-10 msec duration, resulted in 
two different types of response depending upon which of the two parts was 
tested. The strip without s.n. innervation gave simple twitches and propagated 
action potentials only and when single stimuli were made very strong (several 
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times maximal) some of the muscle fibres occasionally responded with 
repeated discharges. This could be detected electrically and at the same time 
the tension record became broader. If stimuli were further increased, a residual 
shortening followed on some occasions. This, however, was clearly an effect of 
injury, since also microscopically visible changes resulted (opaqueness around 
the cathode), and subsequent excitation became less effective. 


Fig. 6. Interaction between slow and twitch fibres in the iliofibularis. a, two tension records 
superimposed. Small-nerve stimulation at 30/sec causes a slow smooth tension rise reaching 
peak value of 0-6 g. In the second exposure a short burst of twitch fibre activity is added 
(tension off the screen) during continued s.n. stimulation. After the tetanus the slow 
muscle fibre activity maintains a higher final tension value (0-75 g) than it would have reached 
without the interposed twitch tetanus. }, s.n. stimulation at 30/sec sets up tension of 0-8 g 
in 20 sec. During slow relaxation following cessation of s.n. excitation a short tetanus in 
twitch fibres causes a collapse of most of the residual tension. 1.7. 0-5 g ina and b. 


In the strip containing slow fibres, the initial effect was also a twitch, but 
with increasing strength, at a definite threshold, a residual shortening followed, 
without preceding repetitive discharges (Fig. 7). The height of the twitch peak 
was not necessarily affected, when the threshold for residual tension was 
reached. The residual tension lasted for many seconds, or minutes, depending 
upon initial muscle tension and upon mechanical recording conditions. When 
more shortening was allowed, the observed effect was bigger. This residual 
tension behaved in most respects like the tension after cessation of s.n. 
excitation. It was diminished or abolished by transient stretch or by muscle 
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twitches and could be repeated without obvious injury. It occurred at current 
strengths which did not cause injury in twitch muscle portions of comparable 
size. The residual tension summed when series of strong direct stimuli were 
given and the twitch tensions were generally added to the slow tensions in 
a similar manner as is seen in Fig. 5 with stimulation of the large and s.n. 
innervation. This suggests that different muscle fibres were involved in the 
twitch and slow responses. During prolonged trains of strong stimuli, how- 
ever, the twitch height frequently declined, probably an effect of anodal 
blockage and/or twitch fibre contractures at the cathode. Unlike slow muscle 
fibre excitation through the s.n. route, frequent repetition of direct stimulation 
resulted in ‘fatigue’ of the residual tension effect. Sartorius muscles or adductor 
muscles, strips or whole preparations, behaved similarly to the quick twitch 


Fig. 7. Direct excitation of slow muscle fibres in the ‘slow’ portion of the iliofibularis. Two 
different strengths of stimulation, tension records superimposed. Peak twitch tensions are 
similar, but stronger stimulus is followed by a prolonged tension residue. Such residual 
tension was absent if the twitch portion (containing no, or few, slow fibres) of this muscle 
was stimulated. Peak tension 7 g; 1.T. 1-0 g, time, 10 o/s. 


portion of the iliofibularis; i.e. the characteristic slow-fibre residual tension 
was absent. 

It appears that in the ‘slow’ strip of the iliofibularis there exist some muscle 
fibres which show different contractile properties from those in the pure twitch 
portions. Since these contractile qualities resemble those found in slow fibres, 
reliably identified by intracellular recording techniques, one may conclude that 
the same elements are responding with slow contraction to direct excitation 
and s.n. stimulation. Attempts to obtain more detailed information by 
isolating single slow fibres were unsuccessful, nor was it possible to pass current 
through a single fibre with one internal electrode while recording the response 
with another in the same fibre. This can be done only with the twitch muscle 
fibres which even in the slow portion are more numerous and stand out on the 
surface. 

The ‘direct’ stimulation expertfhents, as well as the other tests described 
below, confirm essentially the clear-cut earlier results of Sommerkamp (1928), 
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who confined the slow responses of tonic fibres to an anatomically distinct 
‘tonus bundle’. He supposed, however, that both fast and slow responses 
were given by the same elements. Our own findings show that the fast responses 
of the bundle are given by twitch fibres, among which the slow fibres are 
interspersed. This mingling of fibres is in agreement with the histological data 
of Kriiger (1952) and Giinther (1949). 


Specific ‘chemical’ and electrical properties of slow and twitch muscle fibres 

‘Chemical’ properties. According to their behaviour in response to acetyl- 
choline (ACh) or occasionally some other agents, muscles were divided into 
‘tonic’ or ‘non-tonic’ groups (Riesser & Richter, 1925; Sommerkamp, 1928; 
Wachholder & von Ledebur, 1930; and others). Slow maintained shortening 
with injection or application of drugs was the criterion of the ‘tonic’ property. 
The ‘non-tonic’ muscles were those which gave only a transient shortening. 

These older findings were re-examined in the light of present evidence of 
large and s.n. innervation patterns and the distribution of slow muscle elements 
within muscles. It was found that only those muscles which contained s.n. 
innervation gave maintained tensions when immersed in solutions of ACh- 
Ringer or KCl. Other muscles, and the large-nerve innervated portions of the 
iliofibularis and semitendinosus, produced only transient tensions in similar 
solutions. | 

A typical experiment is shown in Fig. 8A. Immersion of the slow iliofibularis 
strip into ACh 10- in Ringer solution (Fig. 8A, a) resulted in a relatively 
rapid initial tension development (isometric recording) accompanied by visible 
twitches of the muscle. Within the first minute the tension fell to 1-7 g and 
thereafter gradually declined during the following half an hour. On the other 
hand, muscles which contained predominantly twitch fibres, for instance the 
sartorius, adductor longus or the twitch portion of the same muscle (ilio- 
fibularis), exhibit the first phase of tension development only. A representative 
experiment, illustrated by record b of Fig. 8A, shows the response of the 
adductor longus to immersion in isotonic KCl. In spite of the continued 
presence of the depolarizing solution, the muscle was fully relaxed within 
3 min. 

Just as the slow response to direct stimulation was correlated with the 
presence of small-nerve innervation, the slow development and prolonged 
maintenance of tension in solutions of depolarizing drugs was found in all 
muscles which received s.n. innervation, and in no others. Here again the 
assumption seems reasonable that it is the distinct slow fibre elements alone 
which produce the long-maintained tension. A list of muscles containing slow 
fibres is given in Table 1. Muscles which exhibited a behaviour similar to the 
adductor longus or to the twitch portion of the iliofibularis are presumed to 
contain no, or very few, slow fibres. 
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The most likely places of attack of substances like ACh on slow muscle fibres 
are the junctional regions. While KCl depolarizes twitch fibres along their 
whole course, ACh and some other substances depolarize the end-plate regions 
only (Kuffler, 1943). In line with this observation, curarine which also acts 


A 


0 5 25 «(30 
Time (min) 

Fig. 8. Isometrically recorded tensions during chemical and electrical excitation of slow and 
twitch fibres. A, chemical excitation. a, slow portion of the iliofibularis immersed in 10-* ACh. 
Within the first minute there occurred noticeable transient propagated twitch fibre activity, 
followed by a gradual tension decline. 1.7. 0-5 g. b, adductor longus in isotonic KCl develops 
transient tension rise only. 1.7. 1-0 g. B, electrical excitation. a, slow iliofibularis portion 
during constant current flow of 50 1A maintained some tension for 30 min. 1.T. 0-5g. 6, current 
of 180A passed through adductor longus sets up transient tension rise only. LT. 1-0 g. 
Twitch portion of iliofibularis gave similar tension curves as the adductor longus. Large 
tensions which occur during the first 30 sec of drug action or of current flow are not plotted. 


specifically at the end-plate, antagonizes the depolarizing action of ACh but 
not that of KCl. Correspondingly the contractile response to ACh is abolished 
by curarine, but the response to KCl is not affected. The same holds for slow 
muscle fibres, since the addition of curarine will diminish or prevent ACh con- 
tractures but not KCl contractures. One may assume that since the slow 
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muscle fibres possess numerous and diffusely distributed junctional regions, 
the action of ACh also is exerted along the whole length of the muscle fibre. 

Reaction to constant current. The effect of constant current on muscles has 
been studied for over 100 years, and it is well known that at the cathode first 
a tetanus, i.e. a burst of propagated responses, is set up, followed by local 
shortening, or contracture. The time course of the cathodal shortening, how- _ 
ever, was rarely followed for long periods. In the present experiments the 
behaviour of certain groups of muscles to constant current was found strikingly 
similar. In short, if the current (usually 40-80uA, depending on shunts) 
applied through non-polarizable electrodes was maintained, the shortening in 
the s.n. innervated muscles was also maintained for long periods (Fig. 8B, a). 
The twitch muscles, however, under comparable conditions relaxed completely, 
even with much higher currents, usually within a minute (Fig. 8 B, 5). 

The important difference between the twitch and slow elements is in the 
length of time a contracture can be maintained in the presence of a continuing 
stimulus, whether it be constant current or a depolarizing drug. Thus, con- 
tractures lasting some seconds can be demonstrated in twitch fibres also, and 
can be made to mirror fluctuations of current with corresponding variations 
in tension. No predominantly twitch-fibre muscle, however, can be made to 
maintain a tension of several minutes duration in response to such stimuli. 

The time course of ‘active’ tension development. It has already been mentioned 
that the residual tension after cessation of s.n. stimulation was collapsed by 
twitches (Fig. 6b) or by a brief stretch. When muscles containing slow muscle 
fibres were immersed into drugs, a similar collapse followed immediately after 
twitches or on release from stretch. The collapse, however, was temporary and 
at least part of the tension gradually redeveloped at a similar rate as the 
original tension rise. This was taken as an indication that some active process 
was still present which continued to provoke tension after a transient abolition. 
The phenomenon was observed during contractures caused not only by drugs ~ 
but also by constant currents. 

Fig. 9A illustrates the slow muscle fibre tension time course recorded 
isometrically from a whole iliofibularis during immersion into 10-° ACh in 
Ringer solution. During the first tension plot (Fig. 9A, 1) the muscle was 
stretched for 3 sec every 3 min by a weight of 4 g. It took about 3 min after 
each stretch for the tension to rise and to level off again at a somewhat lower 
value. No stretch was applied between 36 and 48 min. After a 30 min period 
of rinsing in Ringer solution, the ACh effect was again recorded for 46 min, 
after which a single stretch was applied (Fig. 9A, 2). It is clear that the rates 
of fall of tension and even the absolute values were similar in both tests. 

In Fig. 9 B the muscle shortening was recorded from a small strip preparation 
containing the slow muscle fibre portion of the iliofibularis, during immersion 
into 0-45% KCl in Ringer solution. The difference between the curves, with 
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and without stretch, is striking and confirms that shortening under isotonic 
conditions does not correlate well with the active maintenance of tension. In 
curve 2, for instance, the muscle was still shortened by 11 mm after 38 min. 


: 

124 
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Fig. 9. Time course of ‘active’ process in slow fibres. A, immersion of whole iliofibularis in 10-* 
ACh, isometric recording. In curve 1 the muscle was stretched by a 4 g weight every 3 min 
for 3 sec, causing a transient tension collapse. During the intervals most of the tension was 
restored. In curve 2 the same ACh effect was recorded and stretch was applied only once 
after 46 min. The time course of tension decline was similar in both curves. 1.7. 1-5 g. 
B, isotonic recording from slow portion of iliofibularis. Immersion into 0-45% KCl in Ringer 
solution. The shortening was well maintained for 39 min in curve 2 until a stretch of 2 g was 
applied for 3 sec. Only the ‘active’ component of the shortening was restored. Curve |, 
with 2 g stretches interposed at 3 min intervals, gives the estimated time course of the 
‘active’ maintenance of shortening. Since the muscle was smaller than in A, the 1.7. was 
0-5 g and the applied stretches were only 2 g. 


The shortening was reduced to 5 mm by an applied stretch of 2 g, i.e. the major 
portion was ‘mechanical’ effect. This observation appears similar to Hess's 
(1927) ‘Léschphinomen’ during ACh contraction. In other preparations, and 
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_ was further increased at the cathode and decreased at the anode. This pheno- 
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particularly when strong concentrations of KCl were used, the contrast was 
not as great, but on the whole the time course of isometrically recorded 
tension (irrespective of periodic stretch) was similar to the course of isotonic 
shortening with interposed stretches. 

It is thought on the basis of these experiments that the slow muscle fibre 
activity has two components. The first is a passive ‘holding’ action repre- 
sented by residual tensions which can largely be collapsed. It is seen 
either after cessation of s.n. stimulation (Fig. 66) or during the plateau of 
shortening (Fig. 9 B, 2) recorded isotonically. The ‘holding’ seems the result of 
‘friction’, determined by some physical characteristics of slow muscle fibres 
and other mechanical factors which keep muscle elements ‘in place’. In 
support of the latter assumption is the observation that in well-cleaned small 
strips of muscles from which most of the connective tissue has been removed, 
the residual tensions following s.n. stimulation are smaller and briefer. The 
second is an ‘active’ component which can restore tension or shortening after 
a temporary collapse. Evidence suggests that this active continuance of 
tension development is controlled by changes of membrane potential. Only 
a reconstitution of the ‘resting’ membrane charge, e.g. by reversing the 
depolarization by anodic polarization, will reduce the muscle tension. If 
current was passed through a muscle during drug depolarization, the tension 


menon of contracture reversal was previously studied in twitch muscle fibres 
by Kuffler (1946) and in the rectus muscle by Fleckenstein, Hille & Adam (1951) 
and correlated with the membrane change. 

The difference between the contractile behaviour of slow and twitch muscle 
fibres can only be regarded as quantitative, in contrast to the wide dis- 
similarity between their membrane characteristics. Twitch muscles always 
relax relatively rapidly in spite of continued membrane depolarization. The 
contractile elements of slow fibres also ‘accommodate’ to depolarization, but 
the process is fifty to a hundred times slower. 


Distribution of slow muscle fibres in the body 

Maintained shortening with ACh and KCI solutions has been found a good 
indication of the occurrence of s.n. innervation and of the existence of slow 
muscle fibres. This is, in fact, the same test as used for many years for the 
detection of ‘tonic’ muscles. In some of these muscles the grouping of the 
nerve spectrum was checked electrically and in others an approximate estimate 
of the slow muscle fibre density was obtained from the values of drug con- 
tractures in relation to twitch tensions. In Table 1 the wide distribution of 
the s.n. slow fibre system is demonstrated. No attempt was made to study all 
muscles systematically, although the occurrence of slow fibres in functionally 
related groups would be of interest. In Table 2 information concerning small 
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Tas. 1. Distribution of slow fibres in the body 


Upper limb Lower limb Other muscles 
Muscles Muscle Muscles 
Muscles con 4 Muscles containing Muscles con 
containing predominan containing taining predominan 
slow fibres fast fibres” slow fibres fast fibres slow fibres fast fi “y 
Sternoradialis § Deltoideus Nliofibularis Sartorius Depressor 
+++ muscles of the maxillae 
eye 
Infraspinatus . Semitendinosus Adductorlongus Rectusabdominis Tensor fasciae 
+++ ++++ latae 
Levator scapuli ‘Gastrocnemius Gracilis Pectoralis 
( 
Transversus Semimem - Peroneus 
sca branosus 
major and 
minor 
Flexor digitorum Tibialis medialis Tibialis lateralis 
communis 
dig. IV 


small motor nerves to lower limb. fects whieh supply 
fast and slow fibres to he: toe of the lower limb 
Motor roots supplying muscle 
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30 - - +++ + ++ ++ 
++ . - 
5 (in 2/30) (in 2/30) 
- - ++ ++ - 
- ~ ++ ++ ~ ~ 
2 +++ - +++ 7 
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3 +++ + +++ + - - 
2 +++ - - 
2 
. + - +++ + 
+ - 7 - 
1 ++ + 
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Brevis 
Tibialis 
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Ext. long. dig. IV l + + + + + j ; 


CONTRACTION OF SLOW MUSCLE FIBRES 333 


and large motor nerve fibre contributions of different roots, derived from con- 
duction velocities, is given for several muscles. Appreciable variations in 
different frogs have been observed. Fig. 10 illustrates the types of record from 
which Table 2 has been constructed. No numerical estimate of the proportion 
of small to large nerves has been made. Comparison of size in potentials re- 
presenting the two fibre groups gives only a very crude approximation of the 
actual number of fibres. 
DISCUSSION 

In the previous study it was demonstrated that two groups of muscle fibres of 
quite distinct character exist in frog skeletal muscles: the twitch fibre group, 
innervated by large-nerve (8-40 m/sec conduction velocity) and the slow fibre 
group, innervated by small-nerve fibres (2-8 m/sec). The present study, con- 


Fig. 10. Small- and large-nerve fibre components in Motor nerves to muscles. a, maximal single 
stimulus to ventral root 8, recording from nerve to the sartorius before its entry into the 
muscle. Only a few relatively slow high-threshold small-nerve impulses (arrow) reach this 
muscle. Faster large-nerve impulse potentials off screen. 5, stimulation of ventral root 9, 
recording from iliofibularis nerve. Small-nerve impulses (arrow) in this root are not numerous. 
c, ventral root 10 to iliofibularis contains most of the small-nerve fibres going to the slow 
portion of the muscle, relatively few of the faster conducting large-nerve group. Time, 1 msec. 


cerned with the performance of slow muscle fibres under a variety of conditions, 
gives us, first of all, someindication of the mechanics of activation. A local graded 
contraction, if it were confined to a small section of a muscle fibre, would be 
very inefficient, since much of the energy would be expended in stretching the 
series elastic elements of the inactive portion of the muscle. In a twitch fibre 
a propagated wave of activation spreads rapidly in both directions from the 
neuromuscular junction, so that the whole fibre contracts within a few 
milliseconds, largely eliminating the effect of series elasticity within the fibre. 
In slow fibres propagation is absent, yet the whole fibre contracts almost 
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simultaneously because its different parts are individually stimulated by the 
numerous neuromuscular junctions distributed over the whole fibre length. 

The activation of slow fibres can be graded very finely by variations in the 
frequency of s.n. fibre discharges (Fig. 2). The ‘slow’ fibres can produce a wide 
range of tensions, from a scarcely perceptible contraction at low frequency to 
relatively quick and strong action during a rapid tetanus. In addition, the 

slow muscle fibres stimulated through their nerve supply are much more 

‘resistant to fatigue than the twitch fibres. They seem, therefore, well suited 
for prolonged maintained activity. During the latter the greater economy of 
local as compared with propagated activity becomes important. During each 
twitch a muscle fibre comes abruptly and explosively to full activity (Hill, 
1949), while under conditions of graded local activation an energetically less 
expensive, although slower, adjustment to requirements can be made. 

No accurate data about the tension developed by individual fibres could be 
obtained. The largest isometric tension observed upon small-nerve stimulation 
was 2-7 g produced by an iliofibularis (total wet weight 70 mg). The same 
muscle gave a tension of 20 g upon a single volley to all the twitch fibres (28° C). 
Since the relative number of twitch and slow fibres is not known, an accurate 
estimate of their respective performances cannot be made. From the frequency 
with which fibres of each type were entered upon random penetration with 
microelectrodes, it appears that even in the regions of the greatest density of 
slow fibres they are out-numbered by twitch fibres. Isotonic recording favours 
the demonstration of slow muscle fibre activity; twitch fibres, on the other 
hand, develop more tension the more isometric the record. Further, quite — 
different initial tensions are optimal for the two groups, so that in any inter- 
pretation of contractions as due to slow or twitch elements, careful attention 
has to be paid to the recording conditions. 4 

Experiments on fibres of the lizard (Buchthal & Lindhard, 1939) and on 

single frog muscle fibres (Kuffler, 1943) established that application of ACh to 
the surface of a twitch fibre had no effect except in the region of the nerve- 
muscle junction. Even when ACh was applied at this point, the frog fibre 
_ responded with a few twitches only and, depending on the concentration, with 
a short but not with a prolonged contracture. It was thus difficult to under- 
stand why many frog muscles nevertheless produced large maintained con- 
tractions upon immersion in solutions of ACh. The phenomenon is now readily - 
explained in the knowledge that only the slow fibres exhibit a maintained 
response, and that numerous junctional regions are scattered over the whole 
surface of each individual slow fibre. 

Differences in ACh effectiveness in ‘tonic’ and ‘phasic’ muscles were 
recently studied by Brecht & Feneis (1950). The authors believe that there 
need not exist striking differences in the time course of the contractile response 
in individual fibres in ‘tonic’ and ‘non-tonic’ muscles. Individual fibres or 
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portions of ‘tonic’ muscles always gave a much faster tension decay during 
immersion into ACh, than the whole muscle. They have clearly shown that 
diffusion into the muscle interior takes a long time, and some accommodation 
to the slowly rising drug concentration occurs in the muscle interior. Brecht & 
Feneis also suggest that ACh may be inactivated more quickly in ‘phasic’ 
muscles. These factors, as well as the amount of connective tissue present in 
different muscles, are likely to play a role in determining the response to ACh 
(see also Réssel, 1951). In the present experiments on the iliofibularis, how- 
ever, muscle parts of comparable size were used and differences in diffusion 
conditions could hardly be significant in all experiments. Further, the 
different response types were equally found with constant currents, which 
eliminates the factor of diffusion, and with KCl, which eliminates the rate of - 
destruction of ACh. Brecht & Feneis in their study correctly conclude that 
no dual contractile mechanisms in the same muscle fibres need to be postulated 
to explain the phenomena of ACh action. It has to be recalled, however, that 
twitch fibres as well as slow fibres can give ‘contractures’, and that the dif- 
ferences in the contractile behaviour are of a quantitative nature only. 

Contracture. Accepting Gasser’s (1930) restrictions on the term, contractures 
may be defined as reversible, prolonged, not-conducted contractions. It is 
suggested that contractures in skeletal muscles may be divided into two main 
groups. 

The first consists of prolonged contractions caused by stimulation of slow 
fibres. Evidence has been obtained that it is the slow fibres alone which give 
a maintained contraction in response to a direct stimulation by long-lasting 
currents or even short pulses (Figs. 7,8 B, a) of non-traumatic strength. In this 
category can probably be included many contractures which have been classed 
as Tiegel’s contractures. These were originally observed in frog muscles, and 
only upon direct stimulation with strong currents. The well-known contractures 
first described by Bremer (1928) in frogs were best obtained with two stimuli 
separated by a critical interval, and were also found after neuromuscular 
block. Recently, Bremer & Desmedt (1947) detected in these ‘contractions 
pseudoveratriniques’ repetitive discharges in twitch fibres and these findings 
suggest that the phenomena are not related to slow fibre activity. 

The second group consists of reversible contractures of twitch fibres, 
elicited by direct current or drug solutions like ACh or KCI. The important 
characteristics of these contractures of twitch fibres is that they are of 
relatively brief duration, a few minutes at most. The twitch fibres appear to 
possess a mechanism, less pronounced in the slow fibres, which accommodates 
them to the presence of a continuing stimulus, so that the contractile process 
is no longer activated. The contractile elements thus are readily dissociated 
from themembrane depolarization (produced by outflowing, cathodal, current or 
other agents) which provides the first step in initiating the contractile process. 
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Another group, not strictly within the above definition of contractures, may 
be the long-lasting shortening seen after the passage of very strong electric 
currents. These contractures are never quite reversible and there generally 
follows visible evidence of damage. They are, therefore, pathological and 
should not be regarded as physiological contractures. In this connexion it is 
of interest to recall the increased sensitivity to the development of contractures 
in denervated muscle, see e.g. Brown (1937). Contractures, not normally seen, 
are also observed clinically in a variety of diseases. It may be speculated that 
the slow muscle fibres represent a more ‘ primitive’ skeletal muscle type which 
has been superseded by the more efficient twitch fibres carrying conducted 
impulses. During pathological conditions some of the ‘hidden’ properties may 


emerge. 


The mechanism by which the contractile elements of slow muscle fibres are 
activated is not known, but the evidence suggests that there is a close link 
between the activity and the state of polarization of the membrane. It was 
shown in the previous paper that a s.n. tetanus produced a ‘depolarization 
plateau’. There is also a maintained contraction in these elements in the region 
of the cathode during the passage of direct current. Further, depolarization 
by drugs produces an ‘active’ phase of contraction which may persist for half 
an hour or longer; this can be immediately relaxed by an in-going (anodal) 
current which restores the membrane charge. The conclusion drawn is that in 
the slow fibres the coupling process between membrane changes and contractile 
elements remains unbroken for long periods, in contrast to the twitch fibres 
which have acquired the property of breaking the link more rapidly, so 
that contraction comes to an end even if the membrane depolarization 


Another difference in the coupling mechanism in twitch and slow muscle 
fibres is seen at the junctions. End-plate potentials, even of 20-25 mV, 
obtained with internal leads (curarized, or in the absence of drugs), may not 
cause any detectable local contraction in twitch fibres, and only at a critical 
size do they set up the propagated impulses and twitches. No such critical 
threshold between surface charge or extent of depolarization is seen in slow 
muscle fibres. With the gradual growth of small junctional potentials a 
progressive contractile activation occurs. 

Function of slow fibres. The functional role of slow muscle fibres in the body 
clearly suggests itself from a variety of data. It was shown that these fibres 
tend to be reflexly activated even when the muscles are otherwise ‘at rest’. 
In decapitated frogs appropriate afferent stimulation can produce considerable 
slow muscle fibre tension without involving the twitch system and phasic 
movement. Slow muscle fibres are active, however, also during twitch activity. 
They are more economical, in that stimulation at low frequency can ‘hold’ 
relatively large tensions originally produced by twitches. In this connexion 
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_ @ functionally useful synergism between twitch and slow muscle fibres has 


been demonstrated (Fig. 6a). 

It has been pointed out repeatedly that ‘tonic’ muscles (and therefore slow 
muscle fibres) may serve in particular the clasp reflex. In this context it should 
be noted that the present findings refer to males and females at all seasons, to 
flexors and extensors. Slow muscle fibres are plentiful in eye muscles which 
can hardly play a direct role in the clasp reaction. Their function may reasonably 
be given a wider interpretation as serving the requirements of general postural 
activity. In a different area of muscular studies mechanical chariaes associated 
with local potentials have been seen in smooth muscles and have been tenta- 
tively called ‘resting tonus’ by Bozler (1948). To account for such activity, 


_ however, no special muscular elements need to be postulated. 


Histologically the studies of Kriiger and co-workers have to be noted. They 
find in frogs two types of muscle fibres, those with ‘Fibrillenstruktur’ and 
‘Felderstruktur’. The latter type occurs in muscles, or parts of muscles, e.g. 
the slow portion of the iliofibularis, where small-nerve innervation (and slow 
muscle fibres) is now known to exist. ‘Fibrillary’ structure of muscle fibres 
predominates or is exclusively found in other muscles which receive large- 
nerve innervation, like the sartorius or the twitch portion of the frog’s ilio- 
fibularis. It might seem reasonable to correlate these observations and suggest 
that the fibres with ‘field’ structure correspond to the slow muscle elements. 
A summary of Kriiger’s (1952) extensive studies has yecently appeared. 
Kriiger also finds a similar histological grouping of fibres in other animals, 
including cats. Although a careful search was made in several muscles, 
including the cat’s soleus which has Kriiger’s ‘field’ structure, no muscle fibres 
of analogous functionel-characteristics to the slow fibres could be found. They 
all gave propagated twitch responses. The mammal does, however, possess 
a small-nerve system subserving reflex function (Kuffler, Hunt & Quilliam, 
1951; Hunt, 1951); but all the small-nerve fibres (3-8 .) in the lower extremities 
innervate the intrafusal fibres of the muscle spindles and modulate the rate 
of firing of their afferent impulses, which in turn take part in controlling 
posture by regulating twitch reflexes. The intrafusal muscle elements 
contained in mammalian spindles appear to be analogous to the frog’s 
slow muscle fibres in several respects. Both muscle types are innervated by 
small diameter nerves and are activated by a graded facilitation mechanism 
and influence posture. Intrafusal muscle fibres in the cat presumably give 
local contractions during excitation (Kuffler & Hunt, 1952). The frog’s slow 
muscle fibres act directly in producing tension during posture, while the mam- 
malian intrafusal muscle fibres produce negligible external tension but are 
able to excite sensory nerve endings within the spindle. By their reflex 
action they produce a large indirect effect on posture (Hunt, 1951; Kuffler & 
Hunt, 1952). Besides the functional analogies there seem to exist also pharma- 
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cological analogies (Hunt, 1952). In general the physiological behaviour of 
slow muscle fibres seems to stand somewhere between smooth muscle and 
twitch-skeletal muscle. 

Identification of slow muscle fibres by means of their ACh contracture alone 
may not necessarily give unequivocal information. Several authors (see 
Wachholder & Nothmann, 1932) have studied the variability of the ACh 
response with seasons and they found that ‘tonic’ muscles become more 
sensitive and give bigger responses during the winter, while ‘non-tonic’ 
muscles may to some extent be converted to ‘tonic’ behaviour. From such 
experiments it was concluded that the same muscle fibres were able to behave in 
two different ways and become more or less ‘tonic’ according to either season 
or metabolic state. These findings and the recording methods were not repeated 
since our frogs were usually kept, even in winter, near room temperature for 
at least some days. In any event these considerations do not affect the basis 
on which the present crucial identification of slow muscle fibres is made, 
namely the physiological response with small-nerve stimulation and intra- 
cellular recording. The innervation pattern is definitively laid down and not 
subject to seasonal variations. 


_ SUMMARY 


1. Extending earlier studies, the contractile behaviour of the frog’s slow 
skeletal muscle fibres in response to nervous, electrical and chemical stimuli 
has been investigated. Slow muscle fibres innervated exclusively by small- 
nerve fibres differ strikingly in many respects from twitch muscle fibres which 
are supplied by larger motor axons. In slow fibres the contractile system is 
activated locally at numerous points around multiple small-nerve junctions 
which are distributed over the fibre surface. 

2. Repeated stimulation of small nerves is necessary to cause a significant 
tension rise in slow muscle fibres. In the iliofibularis at 20-22° C a stimula- 
tion frequency of 40—-50/sec develops a maximal slow fibre tension of several 
grams which can be maintained for many minutes.--Higher frequencies speed 
up the rate of tension rise. Relaxation after slow muscle fibre contraction is at 
least 50 to 100 times slower than after twitch fibre action. All the manifesta- 
tions of slow muscle fibre activity are greatly influenced by initial muscle 
tensions and the methods of recording. These differences are demonstrated and 
discussed. 

3. Tension caused by separate stimulation of slow fibres sums with tension 
produced by twitch fibres. Whenever slow fibres were found they were inter- 
spersed between twitch fibres. Synergistic interaction between the two con- 
tractile systems occurs (Fig. 6a). 

4. Slow muscle fibres show specific electrical properties. Twitch fibres relax 


completely after single or repeated excitation by current pulses which are able 
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to cause pronounced residual tension in slow muscle fibres. If constant currents 
are passed through twitch fibres, first repeated propagated responses are set 
up followed by local shortening around the cathode. Within several minutes, 
however, the twitch fibres relax in spite of continued current flow. In contrast, 
with equivalent currents, slow fibres maintain tensions for the duration of 
current flow in tests up to one hour. 


5. During immersion into depolarizing solutions slow fibre tension declines 
slowly. Twitch fibres relax even in the continued presence of isotonic KCI or 
strong acetylcholine (ACh) solutions. ACh assays can only be done on slow 
fibres. 

6. The ‘active’ and ‘passive’ components in slow muscle fibre tension 
records, or during shortening, are anaiysed by the application of intermittent 
stretches. ‘Active’ tension or shortening is thought to be controlled by the 
membrane potential. It is concluded that the contractile mechanism in slow 
fibres ‘accommodates’ slowly to the continued membrane change, while the 
converse occurs in twitch muscle fibres. 

7. The slow fibres appear to be responsible for many of the well-known 
‘tonic’ phenomena, seen in frog muscles (Sommerkamp, Wachholder). 

8. It is concluded that slow fibres play an important role in the general 
postural activity of the frog. It is noted that no similar mechanism in mammals 
has been found. These differences are discussed. 


We wish to thank Miss Alma Stoiber for assistance in some of the experiments. 
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THE CONDUCTION VELOCITIES OF RESPIRATORY 
AND CARDIOVASCULAR AFFERENT FIBRES IN 
THE VAGUS NERVE 


A. 8. PAINTAL*} 
From the Department of Physiology, University of Edinburgh 
(Received 22 January 1953) 


A preliminary account of the present work was given in 1952 (Paintal, 1952). 
Subsequent work has shown that those vagal afferent nerve fibres which were 
then believed to end in pulmonary vascular receptors (Whitteridge, 1948), in 
fact end in the right and left atria of the heart (Paintal, 1953a). These fibres 
can be divided into two groups, one of which has a presystolic series of action 
potentials, the other has not. These have been designated type A and type B 
atrial receptors respectively (Paintal, 19535). The above investigations were 
extended, and the present paper describes the results of the study of the 
conduction velocity in 116 single vagal afferent nerve fibres. 


METHODS 
Dissecti 
All the experiments were performed on adult cats anaesthetized with intravenous chloralose 
(80 mg/kg). The general plan of dissection was the same as that described by Whitteridge (1948). 
After exposure of the right vagus in the neck, the margin of the skin was raised with hooks tied 
to dry string, and warmed (38° C) liquid paraffin B.P. poured on the area of dissection. The nerve 
was placed on a smooth glass plate with a black background. 

For the preparation of single units the connective tissue sheath of the vagus was split and a thin 
bundle of fibres was separated and cut centrally near the nodose ganglion. It was then divided 
longitudinally into four or five smaller strands which were spread out on the glass plate with fine 
sharpened needles. The recording electrodes of silver wire were now inserted carefully under one 
nerve strand which was kept in position without attaching its free end to the distal electrode. 
The activity in the strand was amplified and fed to a double-beam cathode-ray tube and loud- 
speaker. If there was more than one active unit in the strand it was divided further with needles. 

To determine the conduction velocity of the single afferent fibres, a 5 mm length of the whole 
vagal trunk was dissected out low down in the neck and placed on a pair of stimulating electrodes. 
At this stage the recurrent laryngeal nerve was cut where it lay beside the trachea in order to 
avoid the stimulationthe laryngeal muscles. Their action potentials would otherwise complicate 
the action potential record from the vagus nerve. The vagal trunk was then stimulated and the 
action potential so recorded was invariably compound in spite of the fact that only one single unit 
in the strand was responding to natural stimuli. This was to be expected, however, as there was 

* This work was carried out during tenure of a Rockefeller Fellowship. 
+ Present address: T.D.E. Laboratory, Kanpur, India. 
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usually a number of inactive live fibres in the strand containing the active one. The next and the 
most difficult step therefore was to try to eliminate as many of these inactive live fibres as possible 
by further subdivision of the already fine nerve strand. This step was accomplished by the use of 
a Zeiss binocular dissecting microscope giving a magnification of x 36. 

The nerve was subdivided by placing the sharp dissecting needles in the centre of the strand and 
separating the two divided parts with gentle pressure. This was repeated until single action 
potentials could be obtained by stimulation of the nerve trunk. After the final subdivision, and 
only then, the free end of the thin nerve strand was twisted around the distal electrode. 

In early experiments, a thermocouple was used to measure the temperature of the nerve at 
three points along its length. Later this was replaced by a thermistor bridge circuit (Grieve, 1951) 
connected to three thermistors (Standard Telephones and Cables Ltd.) type F 2311-300. The 
(Electroflo Meters Co. Ltd). 


Fig. 1. Block diagram of apparatus used. C,, C,, C, and C, refer to the respective beams 
of the cathode-ray tubes; C, and C, both display action potentials. 


The temperature of the nerve was kept at about 37° C by warmth applied to the area of dis- 
section with a carbon lamp and by maintaining the rectal temperature at about 38° C. The 


importance of the latter was considerable, as the vagus between the recording and stimulating — 


electrodes was not freed from the surrounding tissues and was thus approximately at body 
temperature. 

The conduction distance of the action potential in the selected strand was measured with a pair 
of dividers from the cathode of the stimulating electrodes to the proximal recording electrode, 
and an endeavour was made to allow for any tortuosity in the course of the nerve between these 
points. These measurements were frequently checked at the end of the experiment by measuring 
the length of the excised vagus. 

To record the intrapleural pressure a wide-bore intrapleural needle was inserted through the 


third or fourth intercostal space close to the sternum and connected to an air-filled mirror 
membrane manometer. 
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Recording circuit 

A block diagram of the electrical apparatus used is given in Fig. 1. In general, the detailed 
circuits of the various electronic units have been based on those described by Dickinson (1950). 
Basically, two resistance-capacity coupled differential amplifiers were used, the first to amplify the 
action potentials of the nerve fibres and the second to amplify the e.c.g. lead 1. 

A slow time-base, with a sweep duration of 0-2-0-5 sec, was used to display the action potentials 
and the e.c.g. on the first double-beam cathode-ray tube. This time-base could be triggered by the 
QRS complex of the e.c.g., displaying the relation of the volleys of action potentials to the cardiac 
cycle. Any part of the action potential record displayed on the slow sweep could also be displayed 
on a second cathode-ray tube with a much faster time-base, from which the electrical stimulus to 
the nerve trunk could also be triggered. The second beam of the second cathode-ray tube was used 
to mark milliseconds. 

These ‘sweep expansion’ facilities were obtained by driving a Schmitt trigger from the anode 
of the Miller valve of the first time-base, and using the output of the trigger to start the second 
time-base. By this means any part of the slow sweep on the first tube could be examined in much 
greater detail on the second one, thus enabling a simultaneous comparison of the spontaneous and 
evoked action potentials from nerve stimulation to be made. 

The stimulator driven by the fast time-base provided stimuli which could be varied in duration 
and intensity. The usual duration of the stimuli was about 150 usec and the intensity ranged from 
10 to 30 V. 

To take a photographic record (4:1 reduction) the spots on the first tube were stopped and the 
repetition frequency of the sweeps on the second tube reduced so that no overlapping of the 
sweeps occurred on the photographic record. With this procedure, a record of the responses of 
fibres to natural stimuli could be taken simultaneously with records of the conduction time of 
impulses set up by electrical stimuli. 

Sources of errors 

An estimate of the errors arising from measurements of conduction distance was obtained by 
comparing the lengths of nerves measured in situ with those measured after excision. The difference 
between the two measurements was never greater than 3°%,—the determinations being made to 
the nearest 0-5 mm with an average inter-electrode distance of 50 mm. 

The errors due to variations in the temperature of the nerve were small since the greater part 
of the vagus was not separated from the surrounding tissues and was thus kept at body tempera- 
ture; the temperature of the paraffin bath was usually 37+ 1° C. 

However, in a few cases the temperature varied by more than + 1° C and in order to correct for 
this the Q,, of conduction was determined for the cat’s vagus. The vagus was separated completely 
from the surrounding tissues between the stjmulating and recording electrodes. Using a fixed 
stimulus and a fixed conducting distance, the variations in the conduction velocity of the different 
components of the compound action potentials were determined at different temperatures of the 
paraffin. Under these conditions, i.e. with some blood supply of the nerve still remaining, the 
Q,> was 1-3. Where necessary, therefore, the conduction velocities have been corrected, using this 
value, to 37° C. 

The conduction time was measured on the records, with a travelling microscope. The reference 
points were the beginning of the stimulus escape and the beginning of the negative inflexion of the 
monophasic spike. For each afferent fibre three measurements were made in three different 
sweeps to allow for variations in the shock response time. In cases where the variation in conduc- 
tion time for individual measurements exceeded 4%, the final result was estimated by averaging 
five determinations in different sweeps. No allowance was made for the shock response time as 
was done by Hunt & Kuffler (1951). The duration of the shock response time is variable (Blair & 
Erlanger, 1936). The stimulus used, however, was always well above threshold, so that this cause 
of error in the measured conduction velocity should be small. Further, as the conduction distance 
was.usually above 50 mm any error caused by this factor would have been significant only in the 
fastest fibres. 
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In some records in which the single unit preparations were very thin the action potential was 
triphasic with an initial sma!) short-lived positive deflexion. In such experiments the conduction 
time was also measured up to the beginning of the negative inflexion of the spike. In other records 
the action potential consisted of an almost pure positive deflexion and in these the conduction 
time was measured up to the beginning of the positive deflexion. These changes in the action 
potential were believed to be due to injury in the nerve fibres just before they reached the recording 
electrodes since the positive deflexion could be converted into a negative one by shifting the 
recording electrodes slightly nearer the nerve trunk. Measurements of conduction time under the 
two conditions cited revealed no significant difference (Fig. 2). However, any error arising from 
this cause did not affect the conduction velocity determinations in the slowly conducting fibres, 
while in those with a faster conduction velocity, care was taken to reduce this error to a minimum. 


B 


_ Fig. 2. Conduction velocity of a depressor fibre. Records A and B are from the same fibre. In 
both, the upper two traces are records of single sweeps consisting of time marks in milli- 
seconds and conduction time measurement respectively, these read from right to left; below 
these are respectively, e.c.g., and impulses in a single unit. These read from left to right. In 
A the spikes are negative; in B, positive. The conduction velocities as determined in A and 
B are respectively 26-0 and 26-5 m/sec. Conduction distance=58 mm. Arrows indicate 
position of impulses from receptor activity. 

RESULTS 

In the determination of the conduction velocity of particular afferent fibres, 

it was necessary to prove that the fibre in which impulses were set up by 

receptor activity was the same as the one in which impulses were produced by 
electrical stimulation of the nerve trunk. In order to establish this point the 
following criteria were used: (1) The action potential produced by electrical 

- stimulation should be simple and all-or-none in character. (2) It should 

resemble the action potentials produced by receptor activity (viz. of the single 

unit) in amplitude and form. (3) It should disappear, or be reduced in size 
and conduction velocity, if it were so timed that it fell within the absolute or 


relative refractory period, respectively, of an impulse set up by the activity 
of a receptor. : 
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Figs. 2 and 3 show single-action potentials produced by artificial stimula- 
tion, which were ascertained to be all-or-none by varying the intensity of the 
stimulus and noting any change in the amplitude of the action potential. It 
is possible, however, that two afferent fibres with the same conduction 
velocity and threshold to stimulation could occur. The action potential would 
be clearly summated and larger than the spikes due to receptor activity. This 
could be tested by further subdivision of the strand. 


2 


Fig. 3. The effect of setting up evoked impulses during the refractory period after impulses due 
to receptor activity. A and C, records from pulmonary stretch receptors, B is a record from 
a right atrial receptor type B. In each record the two upper traces, to be read from right to 
left, are of time in milliseconds and of action potentials for conduction time determinations. 
The two lower traces are of the e.c.g. and of action potentials in a single unit, and read from 
left to right. In C, time in #5 sec. In A, sweep 2, the evoked impulse falls late in the relative 
refractory period due to an impulse set up by the receptor, and its conduction rate is reduced 
from 31 to 25 m/sec. In B, sweep 2, the evoked impulse is slowed and reduced in size by the 
impulse from the receptor. In C, sweep 3, the evoked impulse is absent in the third sweep 
as it has fallen in the absolute refractory period. All arrows indicate position of impulses 
set up by receptor activity. 


Figs. 2 and 3 show the occurrence of natural and evoked action potentials 
in the same sweep. Measurements of their amplitude and duration show that 
they are identical. Further, their rate of rise and fall is the same as can be 
shown by superimposing one on the other. 
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In most fibres, and particularly those with a cardiac rhythm in which the 
position of a volley of impulses in the cardiac cycle is approximately constant, 
it is possible to set up an electrical stimulus one or two milliseconds before 
the expected time of arrival of a natural impulse at the recording electrode. 
This natural impulse has left a state of absolute or relative refractoriness in its 
own fibre under the stimulating electrodes (Adrian, 1921; Gasser & Grundfest, 
1936). In successful experiments this led to the complete disappearance of the 
evoked spike (Fig. 3C) provided the fibre was totally refractory, or to a reduc- 
tion in its amplitude and conduction velocity if it fell within the relative 
refractory period (Fig. 3.4, B). When such proof was obtainable it was not 
considered necessary to have a single fibre preparation, provided the com- 
pound action potential consisted of not more than two or three discrete and 
easily identifiable components. 


Conduction velocity of pulmonary stretch afferent fibres 
The conduction velocities of sixty-seven pulmonary stretch afferent fibres 
were determined. Two types were distinguished according to the rate of 
adaptation of their endings to a rapid and sustained inflation of the lungs by 


positive pressure. Fibres coming from the slowly adapting receptors (Fig. 12) — 


described in detail by Adrian (1933) formed the large majority and, as observed 
by him, many of these fibres showed discharges on deflation as well as on 
inflation. 

The rapidly adapting receptors of Knowlton & Larrabee (1946) activated 
the remaining ten stretch fibres. Only units with an adaptation index of 100, 
namely those dropping out of action by the end of the first second of inflation, 
have been classified as rapidly adapting receptors. All the rapidly adapting 
receptors encountered here had a high threshold to inflation. 

The frequency distribution of their conduction velocity and the relevant 
data pertaining to them are given in Fig. 4 and Table 1 respectively. The mean 
conduction velocity of these fibres was 25 m/sec, which is less than the mean 
for the fibres from slowly adapting stretch receptors. The difference is, how- 
ever, not highly significant as the figures of Knowlton & Larrabee (1946) 
would suggest, but it is possible that examination of a large number of fibres 
from rapidly adapting receptors might yield a significant difference. 

A number of fibres from slowly and rapidly adapting pulmonary stretch 
receptors also showed a superimposed cardiac rhythm, as was first described 
by Adrian (1933). Presumably, as suggested by him, these receptors are 
situated near the root of the lungs and are deformed by the pulsation of the 
heart and great vessels. The mean conduction velocity of seven of these fibres 
is 26 m/sec, the difference from the mean of the stretch afferent fibres not 
being significant. 
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TaBLE 1. Conduction velocities of vagal afferent fibres 
No. of Range Mean 


Type of afferent fibre fibres (m/sec) (m/sec) 8.D. 
Pulmonary stretch (slowly 57 14-59 36 10 
adapting) 

Pulmonary stretch (rapidly 10 16-37 25 7 
adapting) 
pressure 16 12-53 ” 33 il 
receptors 
Right atrial type A 8 13-27 20 5 
ht atrial type B ll 8-23 13 5 
atrial type B 20 4 
Ch hee be 10 2 
Afferent fibres stimulated by 4 3-9 6 2 
phenyl diguanide 
10 
8 
— 
3 1 
2- 
0 10 20 30 50 60 


Metres/sec 
Fig. 4. Frequency distribution of the conduction velocities of pulmonary stretch afferent fibres. 
Solid line, slowly adapting receptors; interrupted line, rapidly adapting receptors. 


The conduction velocity of type B right and left atrial receptors 

Altogether, the conduction velocity of eleven fibres from the right atrium 
and four fibres from the left atrium have been determined. These afferent 
fibres have a number of characteristic features and their identification is 
usually fairly simple (Fig. 5). A detailed description of their behaviour and 
method of identification appears elsewhere (Paintal, 1953). 

Of those arising from the right side, the first nine were regarded as coming 
from pulmonary vascular receptors (Whitteridge, 1948), before it was known 
that such fibres originate in the right atrium of the heart. These fibres were 
therefore identified by the criteria described by Whitteridge (1948) and by 
Pearce & Whitteridge (1951). The remaining two, in addition to being 
identified by the usual criteria, were shown to be excited by receptors in the 
right atrium in the course of experiments with the chest open (Paintal, 1953 b). 
All four fibres from the left atrium were traced to their origin after opening 
the chest. The conduction velocity of one of these was measured by direct 
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measurement of the cathode-ray tube trace as no photographic records could 
-be made of it. 

Although the conduction velocities of fibres from both atria cover nearly 
the same range (Fig. 6), their means are different (Table 1) but the difference 
is not highly significant. The entire range of conduction velocity ofthe type B 
atrial afferent fibres is about a third of that of the pulmonary stretch afferent 
fibres. 


Fig. 5. Records from single receptors: (1) right atrial receptor type A; (2) systemic arterial 
pressure receptor; (3) right atrial receptor type B; (4) left atrial receptor type B. In 
addition in (4) there is time in yg sec and the intrapleural pressure record, inspiration 
downward. All records show the e.c.g. and the action potential record. 


Conduction velocities of nerve fibres from systemic arterial pressure receptors 

These afferent fibres are easily distinguished from others with a cardiac 
rhythm when their activity is heard on the loudspeaker. They are characterized 
by the early systolic volley (Fig. 5) which begins between 36 and 38 msec after 
the Q wave of the e.c.g. and reaches its peak frequency between 53 and 
106 msec. This is very much earlier than the volley from the atrial type B 
receptors and provides one means of distinguishing the two. Another 
difference is that the activity of their receptors is much less influenced by 
respiratory movements. Further, maximum activity occurs during expiration 
usually at its beginning, whereas maximum activity in the right atrial 
receptors occurs at the height of inspiration. 
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Inflation of the lungs with positive pressure reduces the activity of the 
systemic arterial receptors, and this does not return to its original height ‘for 
several heart beats after inflation has ceased. This is one of the most con- 
sistent features of these receptors, distinguishing them from type B right 
atrial receptors in which maximum activity always returns within two or three 
heart beats. On the other hand, this behaviour is similar to that of the left 
atrial type B receptor. The frequency distribution of their conduction 
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Metres/sec 

Fig. 6. Frequency distribution of the conduction velocities of atrial afferent fibres. A, right 

atrial type A; B, atrial type B. In B, the solid and interrupted lines represent right and left 
atrial type B fibres respectively. 


velocities is shown in Fig. 7. From Fig. 7 it is clear that the range 12-53 m/sec 
is as wide as that of the pulmonary stretch fibres, Their mean of 32 m/sec 
(Table 1) is also near to the corresponding value for the pulmonary stretch 
afferent fibres which is 36 m/sec and both are much higher than the mean for 
type B right atrial afferent fibres which is about 13 m/sec. From the data 
given, it can be calculated that the difference in means for the arterial pressure 
receptors and right atrial type B fibres is statistically highly significant. 
There is no significant difference between the conduction velocities of the 
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measurement of the cathode-ray tube trace as no photographic records could 
-be made of it. 

Although the conduction velocities of fibres from both atria cover nearly 
the same range (Fig. 6), their means are different (Table 1) but the difference 
is not highly significant. The entire range of conduction velocity of the type B 
atrial afferent fibres is about a third of that of the pulmonary stretch afferent 
fibres. 
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pressure receptor; (3) right atrial receptor type B; (4) left atrial receptor type B. In 
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Conduction velocities of nerve fibres from systemic arterial pressure receptors 

These afferent fibres are easily distinguished from others with a cardiac 
rhythm when their activity is heard on the loudspeaker. They are characterized 
by the early systolic volley (Fig. 5) which begins between 36 and 38 msec after 
the Q wave of the e.c.g. and reaches its peak frequency between 53 and 
106 msec. This is very much earlier than the volley from the atrial type B 
receptors and provides one means of distinguishing the two. Another 
difference is that the activity of their receptors is much less influenced by 
respiratory movements. Further, maximum activity occurs during expiration 
usually at its beginning, whereas maximum activity in the right atrial 
receptors occurs at the height of inspiration. ‘i 
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Inflation of the lungs with positive pressure reduces the activity of the 
systemic arterial receptors, and this does not return to its original height ‘for 
several heart beats after inflation has ceased. This is one of the most con- 
sistent features of these receptors, distinguishing them from type B right 
atrial receptors in which maximum activity always returns within two or three 
heart beats. On the other hand, this behaviour is similar to that of the left 
atrial type B receptor. The frequency distribution of their conduction 
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Fig. 6. Frequency distribution of the conduction velocities of atrial afferent fibres. A, right 
atrial type A; B, atrial type B. In B, the solid and interrupted lines represent right and left 
atrial type B fibres respectively. 


velocities is shown in Fig. 7. From Fig. 7 it is clear that the range 12-53 m/sec 
is a8 wide as that of the pulmonary stretch fibres. Their mean of 32 m/sec 
(Table 1) is also near to the corresponding value for the pulmonary stretch 
afferent fibres which is 36 m/sec and both are much higher than the mean for 
type B right atrial afferent fibres which is about 13 m/sec. From the data 
given, it can be calculated that the difference in means for the arterial pressure 
receptors and right atrial type B fibres is statistically highly significant. 
There is no significant difference between the conduction velocities of the 
fibres from arterial pressure receptors which are found in the depressor nerve 
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and those which occur in the vagus, the mean of both groups being 33 m/sec. 
It therefore appears that the assumption of Bishop, Heinbecker & O’Leary 
(1934) that fibres from the arterial pressure receptors in the vagus are larger 
than those found in the depressor nerve itself, cannot be confirmed. 

When the activity in these systemic arterial pressure afferent fibres is 
plotted as frequency of discharge against time, the constancy of behaviour of 
different fibres is well illustrated. The similar shapes of the histogram and the 
narrow range of time (54 msec) within which the peak frequency occurs is 
remarkable. This is in contrast to the curves for the activity in type B atrial 
afferent fibres which show a wide variation in shape and temporal 


configuration. 


if 
Metres/sec | 
Fig. 7. Frequency distribution of the conduction velocities of fibres from systemic arteria 
pressure receptors. 


Conduction velocity of type A right atrial afferent fibres 

It has been possible to determine the conduction velocities of only eight of 
these. This was partly because, in the absence of a venous pressure record in 
the earlier experiments, it was only possible to identify five of them with 
certainty. Some other fibres examined may also have been right atrial 
afferent fibres with an atypical discharge. | 

The criteria used in the identification of type A atrial afferent fibres were 
that they should show a characteristic presystolic burst (Fig. 5) with or without 
c and wv volleys, presumably in time with the a, c and v waves respectively of 
the venous pressure curve, and that they should increase in activity during 
inspiration and during suction of air out of the lungs, i.e. conditions leading to 
increased venous return. Further, they should show a reduction in activity on 
positive-pressure inflation of the lungs. In the case of three fibres the right 
atrial pressure was recorded simultaneously, thus giving additional confirma- 
tion of their identity. 

The observation of Whitteridge (1948) that v volleys show greater changes 
with respiration than do the a volleys is confirmed. 
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The frequency of discharge in the a burst can be very high; for the fibre 
shown in Fig. 5 the peak frequency reached was 405 impulses/sec. 

The frequency distribution of the conduction velocities is plotted in Fig. 6. 
The range of conduction velocity (Table 1) overlaps that of the left atrial 
type B fibres and their means are identical as well. It also overlaps that of the 
fibres from type B receptors of the right atrium, although the means for the 
two groups are different; the difference, however, is not highly significant 
statistically. 


Fig. 8. A chemoreceptor fibre (large diphasic action potential). A, before; B, during; and C, after 
administration of nitrogen for 2 min by a respiratory pump. From above downwards, e.c.g. 
and impulses in nerve fibres. The e.c.g. shows changes in B. 


Conduction velocity of chemoreceptor afferent fibres 

The main reason for the difficulty in the isolation of single chemoreceptor 
units is that they are normally inactive, and it has therefore been possible to 
determine the conduction velocity of only three chemoreceptor afferent fibres. 
This was so, in spite of the fact that the majority of the afferent fibres from 
the aortic body are contained in the right vagus and aortic nerves (Neil, 
Redwood & Schweitzer, 1948). 

In the isolation of single units the fibres were dissected as already described. 
If, on recording, there were occasional irregular impulses, their possible 
origin from chemoreceptors was tested by the administration of pure 
nitrogen for a brief period through a respiratory pump (Starling ‘Ideal’). If 
a continuous discharge appeared during nitrogen inhalation and ceased a few 
minutes after it was discontinued, this was regarded as evidence that the nerve 
strand contained a chemoreceptor afferent fibre (Fig. 8). This test was based 
on the observation of Landgren & Neil (1951) that a continuous discharge is 
produced in the aortic chemoreceptor afferent fibres by the administration of 
a high concentration of N, (96% with 4% O,). The administration of N, was 
found to cause marked changes in the e.c.g. The mean conduction velocity of 
three chemoreceptor afferent fibres, two from the depressor nerve and one 
from the vagus, is given in Table 1. 
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The range of the conduction velocities appears to be rather narrow but this 
might be due to the small number of fibres isolated. It will be noted that the 
mean conduction velocity of the chemoreceptor fibres is not significantly 
different from the mean conduction velocity of the type B right atrial afferent 
fibres. 


t 


Fig. 9. Fibres firing on suction of air from the trachea. From above downwards in A, B and C 
are ©.¢.g., impulses in a fibre and intrapleural pressure, inspiration downwards, A and B are 
continuous records of deflation and inflation respectively. The fibre with large spikes is active 
only during deflation and the small one, a pulmonary stretch fibre, fires on inflation. In C, 
during inspiration (between arrows) two pulmonary stretch fibres are active; during expira- 
tion only the fibre with small spikes is active. 


Conduction velocity of afferent fibres stimulated by deflation 
Although a search for these fibres was started only in the latter part of the 
present investigation, five fibres were found to become active during suction 
“w= of air from the trachea, and not during inflation (Fig. 9.4, B). It was possible, 
however, to determine the conduction velocity of only two of these. 
The behaviour of the five fibres is presented in Table 2. 
Fig. 9C shows the record from a multi-fibre preparation during a normal 
respiratory cycle. The pulmonary stretch fibre with the large spike becomes 
active during inspiration, while the fibre with the small spikes shows marked 
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activity during expiration. It appears, therefore, that some receptors do 
become more active during normal expiration. 


Tamix 2. Afferent fibres stimulated by deflation 


Om 
+itit 


Afferents stimulated by phenyl diguanide 
These afferent fibres are normally inactive, and respond by a continuous 
discharge to an intravenous injection of 100ug phenyl diguanide (Dawes & 
Mott, 1950). They are discussed in detail elsewhere (Paintal, 1953c). The data 

pertaining to their conduction velocities appear in Table 1. 
These fibres could be those responsible for the inhibition of respiration 
produced by the drug, since this reflex effect is abolished by cooling the vagi 
to about 3° C (Dawes, Mott & Widdicombe, 1951), a temperature which is 


' probably effective in blocking fibres with such low conduction velocities. 


DISCUSSION 


On the assumption that thermal blocking of conduction in vagal nerve fibres 
varies according to the conduction velocity (Pearce, 1951), the results pre- 
sented here are in general agreement with those of Torrance & Whitteridge 
(1947). 

The degree of overlap of the conduction velocities of different vagal afferent 
fibres is considerable, the pulmonary stretch fibres cover the entire range 
of conduction velocities for the depressor and venous afferent fibres and a con- 
siderable part of the range of the type B atrial afferent fibres as well. This 
wide range of conduction velocities has been seen in individual cats (Fig. 10), 
for the same type of afferent fibres. 

From these facts it is unlikely that blocking conduction by pressure or cold 
could be selective for any one group of afferent fibres; the reflex changes 
brought about by any cold block would be the result of action on more than 
one type of fibre. This should be borne in mind in the interpretation of reflex 
changes produced by applying a vagal block and either stimulating the vagal 
trunk distal to it (Head, 1889; Hammouda & Wilson, 1935) or stimulating the 
receptors themselves by various drugs (Dawes et al. 1951). 

The conduction velocities of fibres from stretch and depressor receptors do 
not correspond to their fibre diameters as given by Heinbecker & O’Leary 
(1933), namely 10-4 for stretch and 6-3, for depressor fibres. Further, no 
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confirmatory evidence could be obtained for the suggestion of Bishop et al. 
(1934) regarding the existence in the vagus of depressor fibres larger than 
those found in the depressor nerve itself. In a similar connexion the con- 
clusion of Nonidez (1941) that, in general, the fibres ending as receptors in the 
large veins are thicker than those which end as pressoreceptors in the arch 
of the aorta, is also not supported by this work. 


Cat B 


i 
40 50 
m/sec 
Fig. 10. Distribution of the conduction velocities in pulmonary stretch fibres in two cats. 
Note the wide range in individual cats. 


No. of fibres 
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In respect of their conduction velocities there does not appear to be a 
significant difference between the fibres from slowly adapting and rapidly 
adapting pulmonary stretch receptor fibres (Knowlton & Larrabee, 1946). 
Recently, Widdicombe (1952) has shown that rapidly adapting stretch 
receptors are to be found in the trachea and larger bronchi. It has been 
suggested that they are concerned with the cough reflex. 

The observation of Adrian (1933) that forced deflation calls a new set of 
endings into play finds confirmation in the present investigation. However, 
contrary to his conclusion, evidence has been presented here to show that 
some receptors do discharge impulses during normal expiration (Fig. 9C) and 
that both rapidly and slowly adapting types respond to forced deflation. The 
conduction velocity of one fibre (2-8 m/sec) suggests that some of these t 
fibres possess the characteristics required to account for some of th ts of 
Hammouda & Wilson (1935) in experiments involving cooling of the vagi. It 
is, however, difficult to account for the acceleration of respiration on inflation 
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of the lungs according to their views, on the basis of the deflation receptors 


described, ay Of Chase to an inflation. This nesds to be investi- 


gated further. 

actin potentials of the veges onthe 
the conduction velocities of the afferent fibres and histological evidence 
provided by previous investigators would now seem possible. 


msec 


Fig. 11. Compound action potential of the vagus with the range of conduction velocities of 
various afferent fibres superimposed on it. (1) slowly adapting pulmonary stretch fibres, 
(2) rapidly adapting pulmonary stretch fibres, (3) depressor fibres, (4) type A right atrial 
fibres, (5) type B left atrial fibres, (6) type B right atrial fibres, (7) chemoreceptor fibres, 
(8) fibres firing on injec‘ion of 100 ug phenyl diguanide intravenously. Conduction distance, 
33 mm. Note the presence of different types of afferent fibres in the § and B elevations. 


Heinbecker (1930) concluded from a comparative study of the vagus and 
sympathetic nerves of the cat and turtle that the A and B elevations contained 
visceral afferent fibres, while the B, (with a conduction velocity of about 
10 m/sec) and C elevations were composed of autonomic motor fibres. The 
B, and B, elevations of Heinbecker correspond to the Ay and B elevation, 
respectively of Erlanger & Gasser (1937). Recently, Middleton, Middleton & 
Grundfest (1950) inferred that part of the y elevation with a conduction 
velocity of 18 m/sec and the B elevation with a maximum conduction velocity 
of 14-3 m/sec were composed of an influx of sympathetic preganglionic fibres. 

An examination of Fig. 11 shows that the conclusions of these two groups of 
authors are not entirely correct. That both the A and B elevations contain 
visceral afferent fibres is borne out by the variety and large numbers of afferent 
fibres that have been isolated and found to have corresponding velocities. On 
the other hand, although it is highly probable that part of the B elevation is 
composed of preganglionic efferent fibres, it would appear that the contribu- 
tion by visceral afferent fibres is considerable. There are a number of different 
types of afferent fibre in this group, namely pulmonary stretch, depressor, 
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right atrial type A, right and left atrial type B, chemoreceptor, fibres firing on 
deflation, and those with unknown function stimulated by phenyl diguanide. 
In addition, one-fifth of all afferent fibres encountered have a conduction 
velocity below 15 m/sec, which, according to the figures given by Middleton 
et al. would all fall in the B elevation. It would, therefore, appear unnecessary 
to postulate an external influx from sympathetic preganglionic fibres to 
account for the practically unchanged B elevation after a supranod 
section. 

Histological evidence of Dickinson (unpublished observations) and Daly & 
Evans (1953) support these conclusions; they found that the greatest number 
of afferent fibres are in the 2-4 groups. On these grounds, as suggested by 
Whitteridge (1952), it would be more appropriate to designate part at least of 
the B elevation of the vagus as 4,. 


Fig. 12. Spike size and conduction velocity. From above downwards, e.c.g., record of nerve 
impulses; and in B intrapleural pressure, inspiration downwards. In A, a depressor fibre 
(large spike) and a stretch fibre with (small spike) a cardiac rhythm can be seen; B, record of 
the same stretch fibre after further subdivision of the nerve strand. The conduction velocities 
of the depressor and stretch fibres were 26 and 39 m/sec respectively. 


Wyss & Rivkine (1950) observed that on stimulating the central end of the 
cervical vagus nerve a strong inspiratory reaction with marked acceleration 
of breathing was associated with activity of slow fibres of the B, type (pre- 
sumably 5). From Fig. 11 it is obvious that the 5 elevation is a composite 
one, pulmonary stretch, depressor, right atrial type A, and right and left 
atrial type B, afferent impulses being represented in it. The appearance of this 
elevation implies, therefore, that some or all of these afferent fibres may have 
been stimulated, the resulting reflex changes being due to the composite 
effect of several functionally different types of afferent fibre. Caution is 
therefore necessary in the interpretation of results obtained by this approach. 

It is generally recognized that the amplitude of the action potential varies 
as the size of the fibre (Gasser & Grundfest, 1939), and therefore as its con- 
- duction velocity. Exceptions to this rule, however, have been observed on 

Many occasions. An example is shown in an experiment (Fig. 12) in which it 
was found by later subdivision that the pulmonary stretch fibre with the 
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smaller spike had a conduction velocity of 39 m/sec and the depressor fibre 
with a large spike, a conduction velocity of 26 m/sec. The spike size and 
conduction velocity relation need not therefore hold true when action potentials 
from fine dissected strands are being recorded. This is mentioned, as con- 
clusions about the size of fibres have often been drawn purely from measure- 
ments of the relative sizes of the spike (Jarisch & Zotterman, 1948). 


SUMMARY 

1. A method of determining the conduction velocities in single respiratory 
and cardiovascular afferent fibres is described. 

2. The conduction velocities of 116 respiratory and cardiovascular vagal 
afferent fibres have been determined and it has been shown that: 

(a) The range of conduction velocities of the thoracic vagal afferent fibres 
extends from about 2 to 61 m/sec. 

(b) The mean conduction velocity of fibres from slowly adapting pulmonary 
stretch receptors is 36 m/sec; from rapidly adapting stretch receptors, 25 m/sec; 
from depressor receptors, 33 m/sec ; from right atrial type A receptors, 20 m/sec; 
from left atrial type B receptors, 20 m/sec; from right atrial type B receptors, 
13 m/sec; from chemoreceptors, 10 m/sec; and from receptors firing on 
injection of phenyl diguanide, 6 m/sec. 

(c) There is a considerable overlap of the conduction velocities of the 
different afferent fibres. | 

(d) There is a group of slowly conducting fibres with conduction velocities 
of 2-10 m/sec consisting mainly of unidentified fibres, in addition to deflation, 
chemoreceptor afferent fibres, and of fibres stimulated by an intravenous 
injection of 100 ug phenyl diguanide. 

3. The compound action potential of the vagus has been analysed, and it 
has been shown that a number of afferent fibres are represented in each of its 
components, The contributions by different afferent fibres to the B elevation 
is considerable. | 

4. The value of studying reflex changes by stimulating the vagus or using 
differential nerve blocks has been discussed in the light of the present results. 

5. The relation between spike size and conduction velocity does not always 
hold, when action potentials are recorded in very fine nerve strands. 


I am very grateful to Professor D. Whitteridge for suggesting the subject and to the Rockefeller 
Foundation for financial aid. oak. 
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ACTION OF ESERINE ON THE AURICLES OF THE 
RABBIT HEART 


By J. H. BURN anp 8. R. KOTTEGODA 
From the Department of Pharmacology, University of Oxford 
(Received 26 January 1953) 


The work to be described in this paper is a continuation of observations 
previously published (Biilbring & Burn, 1949) on the action of acetylcholine 
on rabbit auricles in relation to acetylcholine synthesis. The evidence which 
was obtained led to the conclusion that the rhythmic activity of the auricular 
muscle and the synthesis of acetylcholine within it are inseparably linked, the 
activity depending on the synthesis. Thus it was found that the power to 
acetylate when determined quantitatively fell to a low value when the isolated 
auricles stopped beating at the end of 24-30 hr. The addition of acetylcholine 
then caused the contractions to begin again, and when rhythmic activity was 
re-established the choline acetylase activity was also found to have risen and 
to approach the initial value. Further evidence was obtained by studying the 
effect of acetylcholine upon choline acetylase activity of the auricles in vitro. 
Acetylcholine: was found to depress the choline acetylase activity of freshly 
excised auricular tissue just as it depressed the contractions in the bath. 
Acetylcholine was also found to increase the choline acetylase activity of 
tissue from auricles which had stopped beating just as it caused the contrac- 
tions in the bath to begin again. © 

Cholinesterase was shown to be present in the auricular muscle of the rat by 
Ord & Thompson (1950), who found that the enzyme had more hydrolytic 
activity on benzoylcholine than on acetyl-8-methylcholine. The presence of 
cholinesterase in the auricular muscle of the rabbit was indicated by the work 
of Webb (1950) who observed that the action of acetylcholine in inhibiting 
the contractions was intensified by eserine. 

The work now to be described started from the assumption that if auricular 
activity is dependent on the recurring accumulation of a certain concentration 
of acetylcholine, the cholinesterase, as well as the choline acetylase, might be 
expected to play a role in regulating activity. Substances like eserine which 
inhibit cholinesterase should modify the activity and indeed might produce 
arrest of the contractions when inhibition of cholinesterase was complete. We 
have, therefore, studied the action of eserine on the activity of the isolated 
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auricles of the rabbit heart, and also on the isolated frog heart. So far as we 
are aware, the only other observations on the action of anticholinesterases on 
heart muscle are those of Rothschuh & Bammer (1952), who examined the 


effect of eserine and of neostigmine on the rate of conduction in a strip of frog 
ventricle. They found that eserine diminished the conduction rate, whereas 


neostigmine increased it. A preliminary account of our present results has 
already been published (Biilbring, Burn & Kottegoda, 1952). 


METHODS 
The auricles were dissected from the hearts of freshly killed rabbits and suspended in Locke’s 
solution at 29° C. This solution contained 9 g NaCi, 0-42 g KCl, 0-24 g CaCl, 0-5 g NaHCO, and 
2 g dextrose in 1 1, and was aerated with oxygen. The pH of this solution was about 8-0; the 
auricles beat more vigorously in this than in a solution nearer to pH 7-0; the advantage of a 
slightly alkaline medium for the heart was pointed out by Dale & Evans (1922). In some experi- 
ments the auricles were allowed to beat for as long as 24hr. In these sodium penicillin, 
10 mg/100 ml., and streptomycin, 10 mg/100 ml., were added to the Locke’s solution. 

The contractions of the auricles were recorded by a spring lever which was made in such a way 
that its natural frequency was much higher than the range of rates at which the auricles contracted, 
and thus variations in rate were without effect on the amplitude of the excursions of the lever. 
This was important since observations were made of changes both of rate and amplitude. The 
results themselves provided clear evidence that amplitude changes were not secondary to rate 
changes. 

Some experiments were made with isolated frog hearts perfused through a cannula tied into 
the inferior vena cava. The solution contained 7 g NaCl, 0-14 g KCl, 0:12 g CaCl, and 0-2 
NaHCo, in 1 1. 

In some experiments rabbit auricles were stimulated electrically by the method described by 
Dawes (1946). Concentrations of eserine are throughout expressed in terms of weight of eserine 
sulphate. | 

RESULTS 

Eserine on rabbit auricles. The addition of eserine to the bath containing the 
spontaneously beating auricles was found to modify the rate and the amplitude 
of contraction in concentrations as low as 10-*, though higher concentrations 
were required to produce effects which were immediately obvious. Thus Fig. 1 
_ shows the effects in one preparation of concentrations 10-*, 10-* and 10-*. 
The effect was always observed during 30 min and in the two upper portions 
of Fig. 1 the drum was stopped except for short periods at 5 min intervals. 
The spikes on the record indicate when the drum was stopped. The rate per 
min shown at the top was almost unchanged by the concentration 10~°, but 
the amplitude increased. The concentration 10-* depressed the rate from 84 to 
58 per min; it depressed the amplitude slightly at first and then caused a steady 
increase. The concentration 10-* depressed the amplitude and slowed the rate, 
arresting the beat completely in 6 min. When the bath fluid was changed the 
beat began again. | 

The first observations were made on twenty-seven rabbit auricles and the 
mean changes produced by different concentrations are shown graphically in 
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Fig. 2. Only some of the six concentrations examined were tested on any one 
preparation. In each observation the effect was determined at the end of 
30 min contact with eserine, after which the Locke’s solution in the bath was : 
changed several times until the rate and amplitude of beat returned to the | 
original value or close to it. Different concentrations were always tested in ; 


ascending order. 


Fig. 1. A record of the contractions of isolated rabbit auricles treated during 30 min with eserine : 
sulphate in three concentrations. The figures above the record are rate per min. The drum 
was only allowed to run for short periods at 5 min intervals, and was stopped in between. 
10~* eserine had almost no effect on the rate but increased the amplitude. 10-‘ decreased . § 
the rate and increased the amplitude, 10-* arrested the contractions after 6 min. When the 
bath was changed at W the contractions began again. | 


4 J 
2. 
i 


ESERINE ON RABBIT AURICLES 363 


The lower graph in Fig. 2 expresses the change in rate as a percentage of the 
initial rate and shows that the mean effect of all concentrations was to decrease 
the rate. As the concentration rose the depression of the rate became greater 
but the effect of 10-° was not much greater than that of 10-*, so that in this 
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Fig. 2. To show the effect of increasing concentrations of eserine sulphate on the contractions of 
isolated auricles, Abscissa: concentrations of eserine from 10-* to 10-*. The upper graph 
records the effect on the amplitude stated as a percentage (ordinate) of the initial amplitude, 
at the end of 30 min application of eserine or, with eserine 10-*, of the last beat before the 
auricles stopped, (see text). The lower graph records the effect on the rate as a percentage of 
the initial rate in the same experiments. The numbers in brackets are the numbers of auricles 
studied. 


wide range the effect of rising concentration was slight. With a concentration 
of 10-* the depression was rather greater, but it was only with a rise to a 
concentration of 10-* that the rate dropped to zero. 


The upper graph in Fig. 2 expresses the change in amplitude as a percentage 
of the initial amplitude; it shows that concentrations from 10-* to 10~* 
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increased the amplitude, but 10-* depressed it. The effect recorded is that 
observed at the end of 30 min. With the higher concentrations, particularly 
with 10-+, the effect of the eserine at the end of 1-5 min was often to depress 
the amplitude, but from then on to 30 min the amplitude increased. An 
example is given in Fig. 3. This early depression with 10~* was probably due 
to the same cause as the permanent depression with 10-*; with the lower 
concentration, however, the auricles were capable of adjusting their metabolism, 
probably by diminishing the amount of acetylcholine synthesized, so that the 
final effect was an augmentation of the amplitude. The depression of the 
amplitude with the concentration 10-* was never a gradual depression to zero, 
but the mean depression was only to 55% just before the arrest, which 
occurred suddenly. 
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Fig. 3. A record of one experiment showing the changes in rate and amplitude in isolated auricles 
treated with eserine 10~*, Abscissa: time in min. Ordinate: rate per minute and also am- 
plitude, taking the initial amplitude as 100. At first the rate and amplitude both diminished. 
The amplitude then rose while the rate continued to fall. 


Relation of rate to amplitude. Thus it appeared that the effect of eserine on 
the rate was unrelated to the effect on the amplitude. Further evidence for 
this is presented in Table 1 in which examples of the effect of different 
concentrations of eserine on different preparations are given. The lower 
concentrations from 10-* to 10~* did not always diminish the rate; Table 1 gives 
one example of an increase and one example of a decrease for each of these 
concentrations. The amplitude was, however, always increased. Table 1 also 
shows that in two preparations in which the effect on the rate was similar, as, 
for example, in those exposed to eserine 10-, the effect on the amplitude was 
quite different. The same is evident in the two preparations exposed to 10-. 
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There was also a difference in the development of the two effects. The effect 
on the rate was mostly exerted within the first 10 main of eserine application 
and did not increase much i in the next 20 min; on the other hand, the effect on 
the amplitude continued to increase during 30 min. 

Increase in rate by eserine. In those preparations in which low concentrations 
of eserine increased the rate, higher concentrations usually decreased it. This 
change is illustrated by observations on four preparations given in Table 2. 
In Expt. 1 the effect on rate as concentration rose progressed from increase to 
no change, then to decrease and then to greater decrease. Similar observations 
were made in Expts. 2-4, but in Expt. 5 all concentrations which were tested 
increased the rate. 

Apart from these increases in rate which were sustained during 30 min it 
was often observed that the immediate effect of a high concentration such as 
10-* was to increase the rate; this, however, was transient, and within a minute 
the rate became slower than before eserine was added. | 

An increase in rate due to eserine was also seen in perfused frog hearts. 
These observations are recorded in Table 3, in which the heart rate is shown 
(a) before eserine was added to the perfusing fluid, (b) during the action of 
eserine, and (c) after removal of eserine from the fluid. In three of the seven 
experiments (Nos. 7, 8 and 12) the effect of eserine was to increase the rate, 
and the rate returned to the original value when eserine was removed. In 
another three (Nos. 6, 9 and 10) the eserine first increased the rate and then, 
while the eserine continued to act, the rate decreased to the original level or 
fell below it. In the remaining experiment (No. 11) eserine decreased the rate. 

These results make it clear that eserine can exert two effects on the heart 
rate as well as on the amplitude; it can increase the rate, and in higher con- 
centration, or as the action continues, it can depress it. The turning point from 
stimulation of rate to depression of rate occurs in the rabbit auricles at a much 
lower concentration of eserine than does the turning point for the amplitude. 

Increase in sensitivity to eserine. In the preparations of rabbit auricles 
hitherto described, the observations were made after the auricles had been 
beating for about 1 hr or during the next few hours. When auricles were 
allowed to beat overnight and tested at the end of 24 hr, it was found that 
they were more sensitive to eserine and that a low concentration then had the 
same effect as a high concentration tested on the fresh preparation. This 
difference was shown by testing twelve preparations with eserine 10-°; seven 
of them were tested after beating for 1 hr, and five were tested after beating 
for 24 hr. The results are given in Table 4. The change in rate is recorded as 
a percentage of the initial rate. (It may be noted that in Expt. 20 this change 
was an increase of 53°, which was the greatest increase of rate we obtained.) 
The mean rate change in the auricle preparations which were beating for 1 hr 
was —7°%, and the mean amplitude change was + 89%. The mean rate change 
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Rate change 

Concentration (beats/min) Percentage change 
From To Rate Amplitude 

10-* 92 96 +4 + 18 

110 100 - 9 + 14 

10" 86 95 +10 + 14 

142 106 — 25 + 48 

10-* 150 162 + 8 + 4 

76 66 ~13 + 9 

110 72 34 + 35 

72 — 25 - 10 

10+ 80 68 -l4 +224 

88 76 + & 

10-* 150 0 Arrest - 28 

74 0 Arrest - 6 


Tastz 2. Rabbit auricles: Experiments in which certain concentrations of eserine 


increased the rate 
Eserine concentration 

Expt. Initial Change Initial Change Initial Change Initial Change Initial Change 
no. rate % rate % rate % tate % rate % 
l 8 +: 10 86 0 80 -18 84 -31 
2 102 +4 102 -14 102 35 — 
3 150 +8 148 - 7 
4 ~— _ +31 8106 — 36 
5 92 +4 88 +4 88 +9 84 + & — _ 


TaBxz 3. Effect of eserine on rate of perfused frog hearts. Beats per min, a: before 
eserine; 6: during 30 min perfusion with eserine; c: after eserine 


Eserine concentration 

10-* 

no. a b c a b c a b c 
6 36 46-38 38 38 42-32 38 34 38-32 34 
7 34 48 36 42 48 _ oni wate 1 
27 24 28 26 30-24 26 
10 46 48-46 46 46 44 46 ay — — 
— 80 22 30 30 26 28 
12 40 44 40 — 


Auricles beating 1 hr Auricles beating 24 hr 
Expt. Rate Ampl. Expt. Rate Ampl. 
13 - 8 + 66 14 -49 +22 
16 17 + 22 15 -17 +30 
17 -— 46 + 40 18 - 80 - 82 
19 - 29 + 24 22 -47 0 
20 +53 +220 - 96 -~95 


TaBuE 4. Percentage changes caused by eserine 10-* at the end of 30 min 
23 0 +110 — 
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in preparations beating 24 hr was —58%, the beat being almost arrested in 
Expt. 24 and made very slow in Expt. 18 also. The mean amplitude change 
in these preparations was a decrease of 24%. Thus the preparations after 
beating for 24 hr reacted to eserine 10-* as the fresh preparations reacted to 
a concentration somewhere between and 10-°. 

A similar increase in sensitivity to eserine was seen in a series of auricle 
preparations which were tested with eserine 10-* when freshly set up, and then 
again on succeeding days. After they were tested the bath was changed many 
times until the rate and amplitude returned to the initial value. The auricles 
were then placed in a moist atmosphere over cotton-wool soaked with Locke’s 
solution and kept at a temperature of about 4° C until the next day. The auricles 
were then replaced in the bath and when the beat was re-established they were 
tested with eserine again. Six preparations were treated in this way for 
4-6 days in succession. The effect of eserine in a concentration of 10-* became 
progressively greater, the mean effect on the amplitude on the first day being 
to increase it by 62%; on the second day, it increased it by less, namely, by 
29%, and on the third day the effect on the amplitude was reversed, it being 
decreased by 24%. Thus, on the third day, eserine 10- had a similar effect to 
that which a concentration between 10~* and 10-* would have had on the first 
day. In contrast to this the mean effect on the rate altered very little from 
day to day until the final day when the auricles were stopped by eserine 
10-* within a few minutes without, however, showing a proportional decline 
in amplitude preceding the arrest. The records obtained with one preparation 
are shown in Fig. 4. On the first day the amplitude increased by 50%; on 
the second day the amplitude increased by 37%; on the third day the 
amplitude diminished by 20%; finally, on the fourth day, the amplitude 
diminished by 50% and eserine arrested the beat. The low initial rate in 
this preparation, which fell steadily lower on successive days, might suggest 
that the arrest on the fourth day marked only the death of the pacemaker 
which had been increasingly enfeebled during the periods in which the auricles 
were kept at 4°C. In another preparation similarly treated, however, the 
initial rates on six successive days were 124, 114, 66, 70, 96 and 108. On the 
sixth day eserine 10-* caused arrest of the beat. A graph drawn from this 
experiment is shown in Fig. 5 in which the observations on days 1, 2, 4 and 6 
are recorded. The effect of eserine 10-* on the rate was almost the same on 
days 1, 2 and 4, while the effect on the amplitude changed. The amplitude was 
increased most on day 1, less on day 2 and still less on day 4. On day 6 the 
rate decreased to zero while the amplitude was not affected. 

Action of eserine on irregularities of rhythm. In some preparations of rabbit 
auricles the rate and the amplitude of contractions were irregular. When 
eserine was added to the bath the rate and the amplitude became regular. 
This effect was usually immediate as Fig. 6 shows. Sometimes the effect of the 
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eserine was to increase the irregularity for 2-3 min after which the beat became 
regular. The conversion of an irregular beat into one which was regular was 
usually accompanied by a slowing of the rate, but this was not always so as 
_ shown in Fig. 6B in which the rate rose from 30 to 46 beats per min. 

Action of other anticholinesterases. A study is being made of the action of 
other anticholinesterases and will be described elsewhere. It may, however, 
be said that whereas the action of DFP (diisopropylfluorophosphonate) is very 
similar to that of eserine, that of neostigmine is different. DFP was found to 
increase the amplitude of contractions in low concentrations and to depress 
it in high concentrations; similarly, it depressed the rate in low concentrations 
and caused arrest of the beat in high concentrations between 2 x 10~* and 10-°. 


Fig. 4. The increase in sensitivity to the action of eserine 10-* in one preparation when tested on 
successive days, the preparation being kept overnight at 4° C. A shows the effect when the 
preparation was fresh; B shows the effect on the 2nd day; C shows the effect on the 3rd day 
and D the effect on the 4th day, when eserine arrested the contractions. 


Neostigmine behaved like eserine in concentrations from 10-* to 10-*.m; with 
higher concentrations, however, up to 10-* (either molar or by weight) it 
caused an increase in amplitude and in rate. Thus in sixteen trials on five 
preparations the rate was increased by a mean of 45%. 

Effect of eserine on electrical stimulation. Experiments were performed to 
determine whether the auricles when arrested by eserine would respond to 
electrical stimulation. When a single maximal shock was applied during the 
period of spontaneous contractions, a large contraction (in one experiment 
45 mm on the drum) was elicited. Eserine sulphate 10-* was then added to 
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the bath; and the beat was arrested in 3 min. The same electrical stimulus 
applied 45 and 75 sec after the arrest produced contractions of 6 and of 4 mm 
respectively, and twice the strength at 2 min after the arrest produced 
a contraction of 2mm, At 10 min after the arrest, electrical stimulation, 
whether by single shocks or by a succession of sixty shocks in 5 sec, was 
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Fig. 5. Changes in amplitude and rate of a preparation tested with eserine 10~* for 30 min on 
successive days. The initial rate and amplitude are taken as 100 on each day. On days 1, 2 and 
4 the effect on rate at the end of 30 min exposure to eserine was almost the saffie, but on 
day 6 the beat was arrested in 12 min. On days 1, 2 and 4 the amplitude was increased but 
to a diminishing extent. On day 6 the auricles stopped without any preceding diminution of 
the amplitude (see text). 


without result. When the Locke’s solution in the bath was changed and the 
eserine washed out, the normal beat was resumed and electrical stimulation 
was once more effective. These observations were repeated several times in 
each of three preparations. In one of these experiments when the auricles 
were stopped and unresponsive to stimulation, adrenaline was added in 
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concentration 10-*; the auricles then responded to stimulation and resumed 
their spontaneous contractions. No such effect was produced when either 
atropine or D-tubocurarine was added in concentrations. 


a 


Fig. 6. To show the effect of eserine in removing irregularity. In A the number of beats per min 
was reduced. In B the number of beats per min was increased. 


DISCUSSION 
In experiments which have been designed to establish that acetylcholine has 
the function of a transmitter, three points have usually been made; first, that 
acetylcholine in small amount can produce the same effect as the nerve 


impulse; secondly, that the effect of the nerve impulse is modified by anti- | 


cholinesterases; and thirdly, that when the nerve is stimulated acetylcholine 
is released. When the question is not a transmitter action, but of the main- 
tenance of rhythmic movement by acetylcholine locally produced, the problem 
must be approached differently. 


Acetylcholine is present in rabbit auricles. Recent observations made here 
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* by Briscoe & Trendelenburg (unpublished) indicate that the amount is about 
5 ug/g of fresh tissue. The presence of choline acetylase was first described by 
Comline (1946), and we have observed the presence of cholinesterase in con- 
firmation of Ord & Thompson’s findings in the rat. Biilbring & Burn (1949) 
have previously shown that the power of the auricle tissue to acetylate 
choline is related to the rhythmic activity, because the power to acetylate 
falls when the auricles cease to contract, and when they are started again 
by adding acetylcholine, the power to acetylate choline rises. They likewise 
observed that the acetylating power, measured in vitro, is modified by acetyl- 
choline just as the activity of the auricles is modified by acetylcholine in the 
isolated organ bath. 

In the work described in this paper we have investigated the actions of 
eserine on the activity of the auricles. If acetylcholine controls the rhythmic 
movements, then the cholinesterase present should play a part in controlling 
activity by destroying the acetylcholine, and eserine should affect the rhythm. 
We have found that eserine does so in concentrations as low as 10-, in which 
its usual effect is to augment the amplitude and to slow the rate. When the 
concentration of eserine is increased these two effects are increased steadily 
up to 10-*. When the concentration is increased still further, we have found 
that the amplitude is depressed and the rate slows to a standstill. 

In some tissues inhibition of cholinesterase does not modify function until 
the amount inhibited is a large percentage of the whole. This is not true in the 
small intestine, the rhythmic movements of which are augmented in the 
isolated organ bath by concentrations of eserine less than 10~’, and it is not 
true in the isolated auricles where the rate and amplitude are modified by 
concentrations as low as 10-*, at which eserine is unlikely to be acting except 
as an anticholinesterase. However, the beat does not stop until a high con- 
centration is used, when presumably all or almost all of the cholinesterase is 
inhibited. The arrest of the beat is not the result of any impairment of the 
contractile mechanism, since the beat begins again as soon as the concentra- 
tion of eserine in the bath fluid is lowered. These observations appear to us to 
provide further evidence for the view that the rhythm of the auricles is 
governed by acetylcholine formation. 

Since low concentrations of eserine augment the amplitude, the conclusion 
may be drawn that the balance between acetylcholine synthesis and destruction 
in the isolated auricles in Locke’s solution at 29° C does not provide the optimal 
amount of acetylcholine, so far as the force of contraction is concerned. By 
inhibiting some of the cholinesterase a greater amplitude results. The rate, 
however, is usually depressed by eserine 10-* to 10-*, so that if a high rate is 
regarded as preferable to a low rate then inhibjtion of some of the cholinesterase 
results in the presence of too much acetylcholine. We may note at this point 
that these concentrations of eserine do not ys decrease the rate, and that 
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in some preparations we have observed that low concentrations of eserinc 
increased the rate, while higher concentrations decreased it. 

A shift from a concentration 10-* to 10 caused depression of amplitude 
and in almost every preparation a fall of the rate to zero. With these high 
concentrations trina the possibility that the eserine might exert an action 
on the auricles di#tinct from its anticholinesterase property. We were, how- 
ever, able to obtain evidence against this. Auricles became much more 
sensitive to eserine after beating in the bath for 24 hr. At this point eserine 
10-5 produced decrease of amplitude and a large decrease in rate such as was 
produced in fresh preparations by eserine in concentration between 10~* and 
10-*, that is to say, the auricles were 10-100 times more sensitive to eserine. 
We observed similar changes in auricles tested daily with eserine 10-° and 
kept overnight at 4° C for 2-5 nights. They too reached a condition in which 
eserine 10-5 depressed the amplitude and arrested the beat. 

The second line of evidence which indicated that the arrest of the auricles’ 
contractions by eserine 10-* was an anticholinesterase effect, was provided 
by the action of the substances neostigmine and DFP. Their action has 
not yet been fully studied, but sufficient observations have been made to 
show that the effect of neostigmine in high concentrations is different 
from that of eserine, because so far from decreasing the rate to zero, it 
quickens the rate by about 50%. Neostigmine is known to have an action 
apart from that of an anticholinesterase. Thus Riker & Wescoe (1946) found 
that in skeletal muscle, neostigmine had a stimulant action when all cholin- 
esterase was inhibited. On the other hand, they found that DFP had an 
anticholinesterase action only. On the auricles we found that the effect of 
DFP was similar to that of eserine; it caused arrest of the contractions in 
concentrations between 2 x 10-* and 10-°. | 

An observation which was made several times in the course of the work was 
that eserine was able not only to modify the rate and amplitude of auricle 
contractions, but also to rectify an irregular rhythm. This finding may be 
related to the observation of Dawes (1946) that acetylcholine shortens the 
refractory period. In any event it indicates that a study of cardiac irregulari- 
ties should take into account the strong evidence which has now accumulated 
that the rhythmic contractions are controlled by acetylcholine which is 
synthesized by choline acetylase and destroyed by cholinesterase. 


SUMMARY 
1. Previous work has led to the hypothesis that the rhythmic activity of 
isolated rabbit auricles maintained in a bath depends on the synthesis of 
acetylcholine. The action of eserine provides additional support for this 
. Eserine in concentrations from 10-* upwards, sometimes increases but 
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usually decreases the rate of contractions. A high concentration causes 
extreme slowing and arrests the contractions. When the eserine is removed 
from the bath, the contractions begin again. 

3. Eserine in concentrations from 10-* upwards to 10~* augments the 
amplitude of contractions. A concentration of 10-* decreases the amplitude. 

4, Auricles beating in the bath for 24hr become 10-100 times more 
sensitive to these actions of eserine, so that the contractions are often arrested 
by eserine 10-°. 

5. Eserine appears to act only as an anticholinesterase since DFP has 
a similar action to eserine, and DFP is believed to act only as an anticholin- 
esterase. Neostigmine, which is known to have an action distinct from that of 
inhibiting cholinesterase, does not arrest the auricles even in a concentration 
of 10-*, but increases the rate. 


6. Eserine was found to convert an irregular rhythm to a regular rhythm. 
7. When the beat was arrested by eserine, the auricles rapidly became 


- inexcitable by electrical stimulation. 


One of us (8S.R.K.) participated in this work during a period of study leave from the Faculty 
of Medicine, University of Ceylon. 
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Synaptic inhibition has recently been studied by Brock, Coombs & Eccles 
(1952), who found that an inhibitory nerve impulse increases the 
potential of a motor nerve cell, thereby raising its threshold to excitatory 
impulses. The authors concluded that this was the sole mechanism by which 
direct inhibition of spinal motoneurones is produced, and it is of interest to 
inquire to what extent this conclusion may be generalized. A very different 
preparation for a study of direct synaptic inhibition is the crustacean nerve- 
muscle system (Biedermann, 1887; Hoffmann, 1914; Marmont & Wiersma, 
1938; Kuffler & Katz, 1946) which enables one to stimulate single inhibitor 
and motor nerve axons and record their effects on individual muscle fibres 
(see Fatt & Katz, 1953a). Previous work indicated that the inhibitory process 
interferes with the crustacean muscle response at two stages: (a) in blocking 
transmission from the nerve to the muscle membrane; and (6) in uncoupling 
excitation and contraction processes within the muscle fibre. Only the first 
of these two actions is considered in this paper, which deals particularly with 
the electrical membrane changes set up in a crustacean muscle fibre by in- 
hibitory nerve impulses. 

It will be shown that the main effect of inhibitory impulses is to attenuate 
the ‘end-plate potentials’, i.e. to diminish the local depolarization produced by 
motor impulses. Inhibitory impulses do not by themselves change the resting 
potential of the muscle fibres, unless this has previously been displaced from 
its normal level. But even though no potential change may be recorded, the 
inhibitory impulse was found to have a peculiar effect on the electrical 
properties of the muscle membrane: it always produces a transient increase 


of membrane conductance (or ‘ion permeability’) whose nature will ig dis- 
cussed below. 

METHODS 
The two nerve-muscle preparations used for most experiments were: the opener of the claw of the 
hermit crab (Zwpagurus bernhardus) and the flexor of the dactylopodite of the shore crab (Carcinus 
maenas). The former muscle is supplied by two axons, one motor and one inhibitor, which run in 
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separate nerve bundles (see Wiersma & Harreveld, 1935) and thus can be stimulated separately 
without requiring isolation. In Carcinus, the flexor muscle is supplied by two motor axons 
which provide a double innervation for the muscle fibres (cf. Fatt & Katz, 19535) and one 
inhibitor axon. The motor axons are easily found because they are the two outstanding fibres 
in the thicker nerve bundle and can be isolated without difficulty. Muscle fibres were exposed by 
carefully removing the\part of the shell which covered them. 

The preparations were mounted on glass slides under rubber bands; a rubber tube was slipped 
over the opened tip of the dactylopodite (Carcinus) or propodite (Hupagurus) and connected to 
a perfusion bottle. The preparation was then immersed in crab Ringer (Fatt & Katz, 19532) in 
a large Petri dish which also contained the ‘indifferent’ stimulating and recording electrodes. 

The motor and inhibitor axons were stimulated separately, without lifting them from the saline 
bath, by applying capillary electrodes close to their surface (cf. Fatt & Katz, 19536). This was 
a convenient procedure, but sometimes gave rise to rather large shock artifacts (e.g. Figs. 1 and 2). 
Two pulse stimulators were used to provide excitor (Z) and inhibitor (J) shocks of adjustable 
intervals and independently variable intensities. 

The electric responses of crustacean muscle increase in amplitude with the frequency of nerve 
impulses (Katz, 1936; Wiersma, 1941 ; Katz & Kuffler, 1946), and the response produced by a single 
impulse is generally very small. It was necessary, therefore, to use repetitive stimulation: the 
frequency was kept at about 30 per sec, adjusted so as to give moderately large potential changes 
without vigorous mechanical responses. The records shown below were all due to multiple 
cathode-ray sweeps whose frequency was the same as, or one half of (Fig. 6), that of the 
stimuli. 

Two intracellular electrodes were used, one to record membrane potentials of individual muscle 
fibres and the other, when required, to pass current through the fibre membrane. The procedures 
which were followed in recording membrane potentials, displacing the resting potential and 
measuring the fibre constants have been described in detail in previous papers (Fatt & Katz, 1951, 
1953.4). 


RESULTS 


The effect of inhibitory impulses on the ‘end-plate potential’ 
When the motor nerve to a crustacean muscle is stimulated at a frequency of 
about 30 per sec, non-propagated action potentials are set up in the muscle 
fibres accompanied usually by a weak contraction (cf. Katz & Kuffler, 1946). 
The action potentials are in many ways analogous to the end-plate potentials 
(e.p.p.) of vertebrate muscle (Wiersma, 1941; Katz, 1949), and this term has 
been used to describe them in spite of morphological differences between 
crustacean and vertebrate nerve-muscle junctions. In Fig. 1, E, e.p.p.’s are 
shown obtained with an intracellular electrode from the opener of the claw of 
a hermit crab. The record is due to repetitive responses during stimulation at 
33 per sec. The size of the e.p.p. varies in different muscles and different fibres, 
and depends upon the frequency and number of nerve impulses (see Katz & 
Kuffler, 1946). The time course of the e.p.p. was also found to vary widely: 
in some fibres the e.p.p. decayed with a time constant of 2-3 msec, in others 
10 or 20 times more slowly. This large difference might be due either to a 
variable persistence of the nerve-muscle transmitter, or to a variable time 
constant of the muscle membrane. We observed that the longest e.p.p. (decay 
constant approximately 65 msec) occurred in a fibre of exceptionally large 
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membrane time constant (53 msec) determined by the rectangular pulse 
technique (Hodgkin & Rushton, 1946; Fatt & Katz, 1951). In a few other 
experiments in which both time constants were measured, a similarly good 
agreement was obtained, and it appears therefore that in these experiments 
the rate of fall of the e.p.p. is controlled by the resistance and capacity of the 
muscle fibre, rather like that of the e.p.p. in curarized vertebrate muscle. 

There are, however, certain exceptions: for example, in some fibres of the flexor muscle of the 
dactylopodite (Carcinus maenas) e.p.p.’s of different rates of decay were produced by stimulating 
different motor axons (Fatt & Katz, 1953) an effect which cannot be explained on the present 
simple hypothesis. 

Usually, the decline of the e.p.p. in a crustacean muscle fibre, though not strictly exponential, 
approaches the exponential time course much more closely than does that of the ‘focal’ e.p.p. in 
a frog muscle fibre (Fatt & Katz, 1951). The analysis is thus simplified considerably; the reason 
for the observed exponential decay is almost certainly to be found in the much more uniform 
spatial spread, along the fibres, of the crustacean e.p.p. (Fatt & Katz, 19535). 


Another peculiarity was the large amplitude fluctuation of the response 
with successive impulses (e.g. Fig. 1, #). It could not be attributed to 
mechanical movement artifacts, for it was observed even when no muscle 
contraction was seen. It might be due to an intermittent failure of nerve 
impulses to conduct into all the terminal axon branches, or alternatively to 
some random event affecting each nerve terminal individually. 

‘ When both inhibitor (7) and motor (Z) axons were stimulated, the e.p.p. 
was reduced in size as previously reported by Marmont & Wiersma (1938) and 
Kuffler & Katz (1946). The attenuation of the e.p.p. depended upon the time 
interval between J and EF shocks; it was greatest when J slightly preceded E£. 
The maximum reduction of the e.p.p. varied considerably; in some fibres it 
amounted to as much as 90%. Typical results are shown in Figs. 1, 2 and 4. 
When measuring the e.p.p. size, the ‘phasic’ amplitude of the responses was 
used (see Fig. 3), not the total deflexion which is complicated by summation 
of successive potentials. An ‘inhibited’ e.p.p. differed from the normal not 
only in amplitude, but also in time course, its rate of decay being faster. Thus, 
in the example of Figs. 1 and 2 the decay constant (fall to 1/e) of the normal 
€.p.p. was 27 msec, that of the maximally: ‘inhibited’ e.p.p. was 10 msec. 
When an inhibitory impulse arrived during the falling phase of an e.p.p. it 
caused the rate of decline of the e.p.p. to increase abruptly, by at least 50%, 
(e.g. Fig. 4, record 1a). 

Inhibited e.p.p.’s showed even more pronounced amplitude fluctuations 
than normal e.p.p.’s (cf. Fig. 5). It seems that fluctuations occurring simul- 
taneously at excitatory and inhibitory nerve endings have additive effects; 
moreover, fluctuations in the time of arrival of J and E impulses would also 
accentuate the phenomenon. 

In Fig. 5 ‘inhibition curves’ are plotted, showing the attenuation of the 
e.p.p. at various J—£ intervals. The results are similar to those already 
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described by Marmont & Wiersma (1938) and Kuffler & Katz (1946). The 
curve is of interest because it provides an indication of the time course of 
inhibitory activity. When the inhibitor impulse arrives at a nerve terminal, it 
presumably releases some agent which has the power of locally suppressing 
the subsequent e.p.p.’s. This power gradually disappears so that less and less 
attenuation is produced as the excitor impulse arrives progressively later. The 
gradual return of the ‘inhibitor curve’ from maximum to no attenuation 


Fig. 1. | Fig 2. 


Fig. 1. Effect of inhibitory impulse on crustacean ‘end-plate potential’. Intracellular recording. 
Muscle fibre of opener of claw of hermit crab. Stimulation at 33/sec. Each record is a photo- 
graph of multiple sweeps, the stimulus artifacts (S, and S,) appearing on the falling phases of 
preceding responses. HZ (low amplification): stimulation of excitor axon, producing e.p.p. 
I (at higher amplification) : stimulation of inhibitor axon alone, producing no potential change. 
E +I (low amplification): combined stimulation of both axons, producing attenuated e.p.p. 
E shock was fixed (right hand artifact), the J shock preceding by varying intervals (suc- 
cessively from above: 1-2, 4-2, 6-1 and 11-3 msec). 


Fig. 2. Effect of inhibitory impulse on crustacean ‘e.p.p.’ Repetitive time-base sweeps and 
stimulation, at 33 per sec, as in Fig. 1. Three recordings at different J — Z intervals, showing 
the response to combined (Z + J) stimulation and the transition to a pure Z response, when 
inhibitory impulses are stopped. Note the difference between the ‘inhibited’ and the first 
‘uninhibited’ e.p.p. in each recording. Time interval between J and £ shocks: top records, 
I precedes # by 1-4 msec; middle, J follows Z after 3-8 msec; bottom, J half-way between 
E shocks (15 msec interval). The decline of the last e.p.p. towards the base-line is also shown 
in this recording. 
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Fig. 3. Procedure used in measuring ‘phasic’ amplitude of e.p.p. during repetitive stimulation. 
The top record f(#) shows the last of a series of e.p.p.’s obtained during steady stimulation at 
33 per sec. The broken curve f(#+7') shows the remainder of the potential after time 7, 
T being the interval between stimuli. Assuming that the recorded potential is due to algebraic 


summation of successive e.p.p.’s, the phasic component is given by the difference between 
J(@) and f(t +7). 


| 4 

mV 

10- 

1b 
1a 
5- 
2 
| 
0 
10 ile 20 30 


Fig. 4. Superimposed drawings of ‘phasic’ e.p.p.’s, from the experiment illustrated in Figs. | 
and 2. (These curves are single examples; to appreciate the random fluctuations of successive 
e.p.p.’s, Figs. 1 and 2 should be consulted.) 1: J shock follows 15 msec after E and accelerates 

the decay of the e.p.p.; 1a, during steady E +I stimulation; 1}, first response after cessation 
of inhibitor impulses. 2: I precedes E by 1-6 msec, attenuating the amplitude of the e.p.p. 
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indicates, therefore, the time course of subsidence of the inhibitory trans- 
mitter potency. The initial rise of the inhibitor action cannot be deduced 
from Fig. 5; it may well be faster than the initial falling phase of the ‘inhibition 
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Fig. 5. ‘Inhibition curves.’ Results of two experiments showing dependence of e.p.p. amplitude 
on time interval between J and Z impulses. Abscissa: interval between inhibitor and excitor 
shocks, in msec. Ordinate: ‘phasic’ amplitude of e.p.p. as a percentage of the normal. The 
vertical bars indicate the range of scatter observed in the recordings (of. Figs. 1 and 2). 

. Both experiments from opener of claw of hermit crab. 


curve’ (4—B). When the J impulse arrives after the beginning of the e.p.p. it 
can only stop its further ascent; hence, the initial portion (A—B) of the 

‘inhibition curve’ has no special significance, except "1 it cannot be shorter 
than the rising phase of the e.p.p. 
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In considering the interaction of excitor and inhibitor impulses we have 
encountered, so far, three events of different time course, (1) the excitatory 
transmitter process (EZ — action) which gives rise to the e.p.p.: it is probably 
a brief event little longer than the rising phase of the e.p.p. (in the example of 
Fig. 3, about 5-10 msec); (2) the e.p.p. itself whose falling phase appears to be 
governed by the membrane time constant; (3) the J action which is the 
counterpart to thé excitatory transmitter action, but has a longer duration 
(in the experiments of Fig. 5, judging from the length of the ‘ — curves’, 
about 20 msec). 


The action of inhibitory impulses on the resting muscle membrane 
The attenuation of the e.p.p. by an inhibitor nerve impulse could be 
explained by a competition between two antagonistic transmitter substances, 
reacting with a single receptor substance. The effect has previously been 
compared (see Kuffler & Katz, 1946) with the ‘competitive’ block which 
curare is believed to produce at the vertebrate motor end-plate, attenuating 


Fig. 6. Example of an increase of resting potential produced by inhibitor impulses. Flexor of 
dactylopodite, Carcinus maenas. EH: e.p.p. due to stimulation of motor axons. /: electric 
response due to stimulation of inhibitor axon. 


the depolarization due to acetylcholine without by itself changing the 
membrane potential. However, the evidence that the inhibitory impulse 
produces by itself no electrical change in a crustacean muscle fibre is not 
unequivocal. Biedermann (1887) claimed that inhibitory nerve impulses 
increase the resting potential of the muscle, while other authors (Wiersma & 
Harreveld, 1935; Kuffler & Katz, 1946) found no such effect. 

In our own experiments, we did observe at times that stimulation of the 
inhibitory axon produced an increase of the resting membrane potential, but 
the effect was small and irregular, being only seen in relatively few fibres. 
An ple is shown in Fig. 6 where a small inverted e.p.p. (henceforth called 
‘I-potential’) can be seen which is of slower time course than the ‘motor e.p.p.’. 
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The presence or absence of this J-potential had no relation to the reduction of 
the e.p.p. which was always observed. In the experiment of Fig. 1, for instance, 
there was no trace of an /-potential, but e.p.p.’s were attenuated by 80%. 

What is the explanation of this irregular potential change produced by the 
inhibitor impulse? It might be thought that in some, possibly damaged, 
preparations a steady leakage of transmitter substances occurs from the nerve 
endings. The muscle membrane being thus exposed to a ‘steady background 
concentration’ of E substance might be kept slightly depolarized. Under these 
conditions an inhibitory nerve impulse would indeed produce a transient 
repolarization (just as an application of curare repolarizes a vertebrate motor 
end-plate previously exposed to acetylcholine). This suggestion then implies 
that the I-potential is simply a reduction of a steady ‘background e.p.p.’, and 
that the inhibitor impulse affects the membrane potential of the muscle fibre 
only indirectly, by stopping the # transmitter from depolarizing it. This 
explanation, however, became untenable in the course of further experiments 
described below. In these experiments I-potentials were provoked, abolished, 
or reversed by passing conditioning currents directly through the muscle 
membrane, without involving excitatory nerve endings at all. 

The effect of inhibitor impulses on electrically applied potential changes in the 
muscle fibre. When the membrane potential of the muscle fibre was displaced 
by an applied current, an interesting and unexpected result was obtained. 
There was always a unique level of the membrane potential at which inhibitory 
impulses produced no potential change at all. Often this level was identical 
with the resting potential, but occasionally several millivolts higher. When the 
membrane potentials had been reduced below this equilibrium level, I-potentials 
like that in Fig. 6 were observed, giving a transient increase of membrane 
potential, the increase being approximately proportional to the initial 
depolarization. Conversely, when the membrane potential had been raised 
above the equilibrium level, the J-potentials became reversed (e.g. Fig. 7, record 
Ic), the inhibitory nerve impulse now producing a transient depolarization. 

Thus, in fibres in which no J-potential was normally seen, it could be 
provoked by a preliminary depolarization and reversed by a preliminary 
hyperpolarization of the membrane. In fibres in which a small J-potential 
was present ‘normally’, it could be increased in size by an applied outward 
current, or abolished and reversed by an applied inward current. 

Hence, the inhibitory nerve impulse diminishes any displacement of the 
membrane potential, in either direction, from a certain equilibrium level; the 
presence, sign and magnitude of the I-potential is merely a manifestation of 
this effect and depends upon the sign and magnitude of the initial displacement. 
The situation is illustrated by the circuit diagram of Fig. 8, in which four 
membrane components are shown, a fixed capacity C,,, a fixed battery V, 
representing the ‘equilibrium potential’, and two variable conductances G, 
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Fig. 7. I-potentials in a crustacean muscle fibre. Opener of claw, hermit crab. EZ: e.p.p. due to 
stimulation of motor axon. J: electric potential changes due to inhibitor impulses. The level 
of the resting membrane potential was lowered to 48 mV (cathodic) in a, and raised to 
95 mV (anodic) in c. The resting potential in the other records was 73 mV. Note the 
dependence of the J-response on the level of the membrane potential : its absence at the normal 
level (b), and its reversal during hyperpolarization (c). 


Fig. 8. Circuit model of crustacean muscle membrane. For details see text. 
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and G, which represent the permeability of the membrane to two groups of ions: 
(1) those whose movement serves to restore the resting ‘equilibrium potential’ 
(e.g. K and Cl, represented by the conductance G, in series with V,); (2) those 
ions whose movements tend to depolarize (e.g. Na, represented by the leakage 
conductance G,). 

Suppose the inhibitory nerve impulse releases an agent which causes the 
‘permeability’ G, to increase. As a result, the membrane potential V,, will 
tend to approach the equilibrium level V,. If initially the ‘leakage con- 
ductance’ G, was nil, and no net current flowed through the membrane, then 
the membrane potential V,, was already at the equilibrium level and the 
inhibitory impulse, though always increasing @, , produces no potential change. 

However, if the value of V,,, was initially lowered either by passing outward 
current through the membrane, or by introducing a leakage through G,, then 
the inhibitory impulse would cause the membrane potential to increase 
towards Vy: 

Thus, the J-potential could be attributed to an increase of membrane 
permeability to those ions (e.g. K) whose movement normally serves to 
maintain and restore the resting potential. 

Size and time course of the I-potential. The ‘phasic’ amplitude of the 
I-potential amounted to only about 5%, of the initial displacement of 
membrane potential; i.e. if the resting potential had been reduced by 20 mV 
below the ‘equilibrium level’, the J-deflexion after each inhibitory impulse 
was about 1 mV. This percentage value varied in different preparations 
between 3 and 10% and, as with the e.p.p., the amplitude depended upon the 
frequency of impulses. The total deflexion was much greater than the ‘phasic’, 
because at frequencies of 20-30 per sec successive /-potentials summed to at 
least twice their individual height. 

The time course of the J-potential was generally slower than that of the 
e.p.p. observed in the same fibre. An example is shown in Fig. 9 where the 
time of rise of the e.p.p. is 5 msec and that of the J-potential about 15 msec. 

Now, as with the e.p.p., the 7-potential must be slower than the process 
which produces it. Suppose, for instance, that the J-potential is due to a 
transient increase of the series conductance G,. Then even when G, has 
returned to normal, a residual J-potential will be left which gradually subsides 
with the normal time constant of the membrane. Qualitatively, it can be 
said that the fundamental change must be briefer than the potential which it 
produces, but at least as long as the period of rise of the J-potential. 

In Fig. 9 three events, measured on the same fibre, are shown on the same 
time scale: the e.p.p., the J-potential and the ‘inhibition curve’ (cf. Fig. 5) 
which, as discussed earlier, indicates the time course of the inhibitory trans- 
mitter action. It is noteworthy that the time relations between /-potential 
and ‘inhibition curve’ are not unlike those to be expected between a mem- 
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brane potential change and its causative agent. It thus seems possible 
that a single process, or a single reaction between inhibitor substance and 
membrane substrate, may simultaneously produce two effects: (a) attenuation 
of the e.p.p., and (b) an increase of membrane conductance G,, which then 


gives rise to the I-potential. 
E.p.p. 
10 msec 
|-potential 
Inhibition 


Fig. 9. Time relations of e.p.p., ‘inhibition ourve’ (cf. Fig. 5) and J-potential taken from an 
experiment on a fibre of the opener of the claw (hermit crab). The amplitudes of the three 
curves have been chosen arbitrarily. 


A further point of interest is the magnitude of the conductance change. 
A fairly simple estimate can be obtained in two ways. (a) We can make use of 
the sudden increase in the rate of decay of the e.p.p. which occurs when an 
inhibitory impulse impinges during its falling phase (e.g. Fig. 4, record 1a). 
Measurements of these rates indicate a transient increase of membrane 
conductance of about 50%. (b) It can be shown that the initial steep rate of 
rise of the [-potential (dp/dt) is related to the conductance change, in the 


following way: 


= x dp/dt, 


where 7,, is resting time constant of membrane, p displacement of membrane 
potential (V,,,— Vo), 7,, and 7,,’ membrane resistances, at rest and immediately 
following inhibitory impulse, respectively. Measurements of this kind were 
made in four experiments indicating a 20-50% increase of membrane con- 
ductance. Thus, while the peak of the J-potential amounts to only 5°, 


reduction of the imposed p.d., the underlying conductance change appears to 
be several times greater. 
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e The relation between I-potential and electric inhibition. It need hardly be 

d emphasized that the /-potential, as such, has no significance as an inhibitory 

n agent: the real inhibitory effect is the reduction of the e.p.p., which was 

n always observed, regardless of presence or absence of the J-potential or of its 
electric sign. 

When the membrane potential was raised by anodic current, the inhibitor 
impulse still caused a reduction of the e.p.p., but the effect tended to become 
obscured by the simultaneous appearance of the J-potential which was itself 
a depolarization summing with the e.p.p. This is illustrated in Fig. 10, where 
the electric responses to Z, J and E + J are shown at two levels of the membrane 

n 
if Fig. 10. E.p.p. and inhibitory effects at different levels of membrane potential. Opener of claw, 
n hermit crab. The responses in the left-hand part were obtained at the normal resting potential 
). (73 mV), those on the right at an anodically increased level (95 mV). EZ: e.p.p. due to stimula- 
tion of motor axon. Note increased size of e.p.p. at higher level of membrane potential. 
y I: potential change due to inhibitor impulses. (The gaps are due to inhibitor shock arti- 
f facts.) Z+J: combined stimulation of both axons. The broken lines have been drawn to 
e indicate approximately the ‘ base-lines’ of the phasic e.p.p.’s. Q 
potential, (a) at the resting level, 73 mV, and (6) 22 mV higher. The ‘phasic’ 
amplitude and rate of rise of the e.p.p. were reduced by the inhibitory impulse 
¥ in both cases; but in the ‘hyperpolarized’ state, the contribution of the 
y I-potential was so large that the combined deflexion was only slightly less than 
© the uninhibited e.p.p. 
\- | 
/ It would clearly be difficult to resolve the two components of the (£ + J) potential with any 
* accuracy, because mutual interaction must be expected, and it is probable that the J-potential 
° becomes reduced by the action of the excitor impulse, just as the e.p.p. is diminished by the action 
of the inhibitor. 
PH. CXXI. 25 
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Although the J-potential appears to be merely a by-product of the inhibitory 
process, the question arises whether the mechanism which produces it, namely 
an increase of the membrane conductance G,, might not directly account for 
the attenuation of the e.p.p.; for the e.p.p. itself is a displacement of the 
membrane potential from the equilibrium level V,. Returning to the scheme 
of Fig. 8 one might suggest that the excitatory transmitter substance £ reacts 
with the membrane so as to increase the shunt conductance G, (e.g. sodium 
permeability) and thereby produces the observed depolarization. The 
inhibitory substance J then counteracts this effect by increasing the series 
conductance G,. This simple explanation, however, fails on quantitative 
grounds. The increase of G@, accounts for only a 5% reduction of an applied 
p.d.; it is therefore difficult to see how this mechanism could account for 
80-90% reduction of an e.p.p. The attenuation of the e.p.p. is clearly a much 
more powerful effect and probably depends on a more specific antagonism 
between transmitters and 


DISCUSSION 

The electrical effects of an inhibitor nerve impulse are twofold: there is 
attenuation of a subsequent e.p.p. and, in addition, a lowering of the membrane 
resistance (more specifically, of the resistance in series with the resting e.m_f. 
of the membrane). These two actions appear to be synchronous, within the 
limited accuracy of our analysis. Yet, they must be regarded as two distinct 
mechanisms. To explain the dual nature of the inhibitory effect, the following 
hypothesis may be considered. In Fig. 8, the ion permeability of the membrane 
is represented by two variable conductances, G, and G,, one in series and the 
other in parallel with the resting e.m.f. (By analogy with other tissues, (, 
might be thought to signify potassium and G@, sodium permeability (Hodgkin, 
1951), but in crustacean muscle the evidence is not sufficient for such specific 
conclusions.) We assume that motor and inhibitor nerve impulses affect con- 
ductances G, and G, by way of a competitive reaction with a single receptor 
substance. 

The reactions may be described as E+R=ER, and 1+R=IR (hence 
ER+I=IR+E), where R is the receptor substance in the muscle fibre, and 
E and I are transmitter substances released, respectively, at excitor and 
inhibitor nerve endings. Suppose that the value of G, increases with the 
concentration, or surface density, of ZR, and that G, increases with /R. 
A motor nerve impulse will then depolarize the fibre by increasing the shunt 
conductance @,; an inhibitor impulse produces two effects: (a) by its com- 
petitive reaction with the receptor it reduces ER and thereby attenuates the 
e.p.p., (6) its reaction-product increases G, and thus can give rise to an 

I-potential. 


Thus, in spite of their apparent complexities, the observed phenomena 
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might all be due simply to interaction of three basic entities: one receptor and 
two antagonistic transmitter substances. 

In connexion with this hypothesis, two observations may be mentioned. 
(1) When the membrane potential was varied by an applied current, the size 
of the e.p.p. was found to vary in the same sense (e.g. Fig. 10), as it should if 
the effect of the motor impulse is to shunt the membrane. The effect was 
similar to that obtained at the amphibian nerve-muscle junction (Fatt & Katz, 
1951), but the results were less accurate and can only be stated qualitatively. 
(2) The effect of the inhibitory impulse was studied when the muscle was 
soaked in a potassium-free medium. If the J-potential and the underlying 
change of G, were due exclusively to an increase of potassium permeability, 
then it should be impossible to reverse the J-potential in a potassium-free 
medium, because the theoretical equilibrium potential for potassium has been 
raised to infinity. However, while the resting potential increased in the 
potassium-free medium by some 10 mV (cf. Fatt & Katz, 1953a) the J-potential 
which was observed could still be reversed by ‘anodizing’ the membrane and 
raising its potential by a further 5-10 mV. It would appear, therefore, that 
potassium is not exclusively or specifically involved in the presumed change 
of G,. 

The mechanism of synaptic inhibition described here differs substantially 
from that found by Brock et al. (1952) in the cat’s spinal cord. A ‘hyper- 
polarization’ of the post-synaptic membrane, superficially resembling that 
described by Brock et al., is occasionally observed in crustacean muscle, but 
only when the fibres are partly depolarized, and in any case the effect is small 
and must be regarded as a by-product, rather than an agent, of the inhibitory 
process. 

On the other hand, the attenuation of the e.p.p. is a very powerful effect, 
reaching in some cases as much as 80-90%. Brock et al. (1952) found no such 
effect in the spinal motoneurone of the cat, and perhaps we are dealing here 
with a mechanism which is peculiar to the crustacean nerve-muscle system. 
But it is also possible that a number of different synaptic mechanisms are 
at play at the different points in the central nervous system where inhibitory 
effects are produced. 

The question of a direct mechanism by which the inhibitory nerve impulse 
can inactivate muscular contraction (Marmont & Wiersma, 1938; Kuffler & 
Katz, 1946) has not been investigated in the present experiments, but our 
results have some bearing on it. In the earlier studies, inhibitory impulses 
were found to stop contraction even though they arrived too late to reduce 
the amplitude of the e.p.p. It was suggested, therefore, that the inhibitory 
impulse can interfere with the contractile process directly, without operating 
on the fibre membrane. Our present results throw considerable doubt on this 
interpretation. 
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In the first place, it has now been shown that the inhibitor impulse does 
alter the membrane properties even when no potential changes are observed. 
Secondly, while it is true that the ‘phasic’ amplitude of successive e.p.p.’s 
may remain unchanged, if the J impulses arrive after their peaks, the decay 
of the e.p.p.’s becomes accelerated and their summation less effective. In this 
way, the mean level of the membrane potential may rise and the ‘total’ 
depolarization diminish, possibly below the level needed for contraction. The 
effect is illustrated in Fig. 2 where the level of the membrane potential is seen 
to shift by several millivolts even though the ‘phasic’ amplitude of the e.p.p. 
remains unaltered. Although this may not explain all cases of mechanical 
inhibition which have been observed, we feel that this matter needs 
re-examination. 

SUMMARY 

1, Experiments were made to study the effect of single excitor and inhibitor 
nerve fibres on the membrane of single crustacean muscle fibres. 

2. An inhibitor impulse reduces the amplitude of the ‘end-plate potential’ 
(e.p.p.) due to a subsequent motor nerve impulse. This effect is observed when 
the interval between the antagonistic impulses is less than about 20 msec. 

3. When the inhibitor impulse arrives during the falling phase of the e.p.p., 
it accelerates the decay of the e.p.p. 

4. A ‘direct’ effect of the inhibitor impulse on the resting membrane 
. potential of the muscle fibre is not usually seen. However, when the membrane 
potential has been displaced in either direction, by means of an applied current, 
the inhibitor impulse produces a potential change which is directed towards 
the normal resting level. 

5. This action, and the acceleration of decay of the e.p.p. by the inhibitor 


impulse, can be explained by a lowering of the membrane resistance of the _ 


muscle fibre (more specifically of the resistance in series with the resting 
e.m.f.). 

6. All the electrical effects of the inhibitor impulse are compatible with the 
concept of a single inhibitor/receptor reaction (J + R=IR), which changes the 
ion permeability of the fibre membrane and, at the same time, competes with 


the action of the excitatory transmitter (Z + R=ER) on the common receptor 
molecule. 


We are greatly indebted to Mr J. L. Parkinson for his invaluable help. This work was carried 
out with the aid of a grant for scientific assistance made by the Medical Research Council. 
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INTERNAL CALORIMETRY IN THE MEASUREMENT OF 
BLOOD FLOW WITH HEATED THERMOCOUPLES 


By J. L. LINZELL 
From the Agricultural Research Council, Institute of Animal Physiology, 
Babraham Hall, Babraham, Cambs 


(Received 10 February 1953) 


Grayson (1951a, 6; Chester & Grayson, 1951) has recently described a method 
(which he calls internal calorimetry) for the quantitative measurement of liver 
blood flow, by measuring the current required to raise the temperature of 
a heated thermocouple (Gibbs, 1933) buried in the tissue by 1°C. In the 
perfused spleen and kidney the square of the current required to heat the 
couple by 1° C was directly proportional to the total flow. This is the only 
report of a linear relation to flow with a thermal method. The purpose of the 
work described in this paper was to examine the suitability of the method for 
recording blood flow through the mammary gland. 


METHODS 


Copper: constantan (Eureka) 36 s.w.g. thermocouples were used with 36 or 42 s.w.g. copper heater 
leads attached to the prolonged constantan wire of the couple. A simplified version of Grayson’s 
(19516, 1952) apparatus was constructed for alternate recording from six such heated thermo- 
couples with three different cold junctions. In the absence of constantan switches, the compensating 
device of Lewis (1929) was used, in which brass switches were joined by copper to the constantan 
wires, and the copper: constantan junctions were all embedded in the same block of lagged paraffin 
wax. This circuit can be compared with that of Grayson by reference to Fig. 1. The whole apparatus 
with the thermoelectric and heating circuits separated by an asbestos (Sindanyo) partition, was 
enclosed in a wood and ebonite box, which was lagged with paper and felt. Copper and constantan 
box. 

The apparatus was tested for temperature errors by inserting a “hot and cold junction in the 
same Dewar flask of melting ice and heating each soldered junction of the thermoelectric circuit 
with a brass rod at 100° C for 20 sec producing a 10-20° C temperature rise. Errors of 0-5-1-5° C 
_. were produced, but in each case there was an equal and opposite effect from a corresponding 

junction (i.e. to and from a switch). In practice during a day’s working, when the room tempera- 
ture varied as much as 10° C, the maximum recorded error in absolute temperature measurements, 
from this cause, was 0-05° C. The square of the heater current was read directly from an insulated 
vacuo-junction (Cambridge Instrument Co.) with a Cambridge pot galvanometer (coil resistance 
400; period 2 sec) reading to 0-002. The temperature was measured with a similar instrument 
(1 em=1° C) or a Tinsley galvanometer (500; period 2 sec) (1-10 em=1° C). Temperatures were 
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referred to four matched 0-50° C mercury thermometers, calibrated to 0-1° C. They all 
0° C in melting ice. D.c. heating was employed at first from a 6 V accumulator, but later a.c. 
heating from a variac transformer was used (see under results). 

Goat udders were perfused according to the technique for mammary gland-lung perfusions of 
Hebb & Linzell (1951), using the heparinized blood and lungs of the same animal. The lungs were 
ventilated by positive pressure and the organs and perfusion apparatus were enclosed in one 
chamber. Dog’s livers were perfused in the same apparatus using blood and lungs from a second 
dog. The hepatic artery was perfused with oxygenated blood at constant volume inflow from 
a Dale-Schuster pump and the portal vein from a constant pressure(overflow) reservoir at 10-15 cm 
blood. The hepatic veins were widely opened and not cannulated to avoid back pressure due to 
the ‘sluice mechanism’ operating in the dog liver (see Bauer, Dale, Poulsson & Richards, 1932). 


P ° 

° %e A ° 
HJ Cj. 


Fig. 1. Basic thermoelectric circuit used in this work (A) and that used by Grayson (19515, 1952) 
(B). Solid lines copper wire; broken lines constantan wire. H.J., terminals for fixing wires 
from hot junctions of heated thermocouples; 0.J., cold junction terminals; H, H’, 2-pole 3- or 
6-way switch for selecting hot junctions; C, C’, 2-pole3-way switch for selecting cold junctions ; 

P, block of lagged paraffin wax, in which compensating couples were inserted. 


RESULTS 


Grayson’s (1952) findings were confirmed, that in any given medium, the rise 
in temperature of the thermocouple is proportional to the heat applied to the 
heating element and consequently to the square of the current (J*). Also that 
I? for a given temperature rise is linearly related to the thermal conductivity 
(K) of the surrounding substance. Thus for each heated thermocouple I?/K is 
a constant (F), which for the value J?=1° C has been used by Grayson as 
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a standardization factor for each particular recorder. It is possible therefore 
to measure the thermal conductivity of other substances and tissues. Repetitive 
readings with the same heated thermocouple on such simple substances as 
water, glycerol or gelatin entailed an overall error of about 5%. This error 
was raised to 10°% in the case of different samples of cows’ milk (K =11-87 
+ 0-36 (s.p.) x 10-*) and of cows’ blood (K =11-1 + 0-79 x 10-*) and up to 20% 
for readings from different parts of dead mammary tissue. The mean thermal 
conductivity of rabbit, guinea-pig, cow and goat mammary glands in lactation 
or late pregnancy was 10-75 + 1:16 x 10~. 

Because of these errors, the standardization factor F (=J*/K) for each 
thermocouple was determined by the construction of an /*/K graph instead 
of by a single comparison of the couple with a standard in 10% gelatin 
(Grayson, 1952). 


Standardization and sensitivity of recorders 

All heated thermocouples were made on a jig kindly provided by Dr Grayson. 
This enabled him to construct recorders differing by only 2% in the standard- 
ization factor, which is a measure of the amount of heat necessary to heat the 
thermocouple to a given degree. It is of some importance because it also 
largely reflects the sensitivity of each recorder to changes in blood flow. The 
more heat required to heat the couple at zero flow, the greater the increment 
(for the apparent increase in thermal conductivity) due to fluid flow past the 
point. If the material used for electrical insulation has a low thermal con- 
ductivity and/or is thickly applied, the recorder is also insulated in the thermal 
sense, less heat is required and the standardization factor and sensitivity are 
lowered. 

Instability in use was found to be due to faulty electrical insulation. This 
could only be detected by determining the ability of the whole recorder to 
pass current through 0-9°% (w/v) NaCl at the potential used in the heating 
circuit (6 V). The ‘ Bakelite enamel’ paint (F. W. Woolworth and Co.) recom- 
mended by Grayson (1952) was found to have a resistance of only 630 on 
this test and frequently cracked and flaked when thrust into tissues. Satis- 
factory electrical insulation was obtained, however, with the bakelite varnish, 
Formite Damarda lacquer (Bakelite Ltd.). The heated thermocouples as used 
had standardization factors of about twice those used by Grayson, but very 
careful attention to detail in the arrangement of the couple and heater leads 
and the amount of insulating material was necessary in order to obtain con- 
formity within 5%, and a number of them which did not satisfy this condition 
had to be discarded. e 

Mammary tissue is exceptionally tough, and great difficulty was encountered 
in inserting the heated thermocouples without grossly bending them and 
cracking the insulation. They were therefore inserted in a protecting tube, 
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~ between the two d.c. ones (Table 1). The Peltier effect was more pronounced 
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which was then withdrawn. It could be left around the couple, however, 
without causing loss of sensitivity, providing its thermal conductivity was 
high (Fig. 2). Some recorders were mounted in stainless steel hypodermic 
needles, care being taken that there was not a thick layer of insulation between 
the two. 


Heating by d.c. or a.c. 


Previous workers using heated thermocouples qualitatively, employed d.c. 
heating from low-tension storage batteries, and Grayson (1952) reported that 
either d.c. or a.c. heating could be used with his apparatus. However, in this 


0-7 Uncovered 


Flow (mi./min) 
Fig. 2. The effect of the thermal conductivity of protecting tubes around a heated thermocouple 
buried in the model organ. The sensitivity is little altered by a sheath of copper (high K) but 
lowered by one of polyethylene (low XK). 


work d.c. heating was found to be unsatisfactory because the current required 
depended upon the polarity of the heater leads with respect to the thermo- 
couple junction. Probably this was due to the Peltier effect, which is the 
opposite of the Seebeck (thermoelectric) effect. Peltier showed that when an 
electric current passes along a conductor consisting of two different metals, 
heat is evolved at one junction and taken up at the other, quite apart from the 
overall (Joule) heating effect. Since copper is higher in the thermoelectric 
series than constantan (Grimsehl, 1933), heat should have been evolved when 
the current passed from one copper lead to the constantan heater and vice 
versa. Thus one would expect to have to supply more current to heat the 
thermocouple when the heater lead nearest to it was negative. This was, in 
fact, the case. A.c. heating overcame the effect and gave a reading midway 


with thicker heater leads. 
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Taste 1. J* required to heat thermocouples 1° C in 5% gelatin 
Co with 42 s.w.g. heater § Couple with 36 s.w.g. heater 


A. 


Positive Negative Positive Negative 
d.c. heating 0-26 0-17 0-466 0-224 
0-29 0-18 — 0-200 
a.c. heating 0-216 0-218 0-352 0-310 
The relation between I* and flow 


Grayson (1952) has studied the relation between the apparent increase in 
thermal conductivity and flow in perfused organs. He perfused the rabbit and 
sheep kidney and sheep spleen with saline, and sheep kidney and spleen with 
blood, all without a pulsatile flow or an oxygenating device. The whole 
apparatus, organ, reservoir and perfusate, was maintained at the same 
temperature. For this work the flow characteristics of the recorders were 
studied under simpler conditions and calibrated in living organs. 
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Fig. 3. A: the relation between J* (@ =1° C) and the flow of water through glass tubes of the radii 
indicated. @, steady flow; ©, pulsatile flow. B: the calculated mean velocities from all three 
tubes plotted against the increase in J* over that at zero flow. The dotted curve is obtained 
by plotting dJ* against the square root of the mean velocity. 


Simple tubes. It was found that, in the case of both steady and pulsatile 
flows through simple tubes, even when filled with cotton-wool or glass beads, 
the heat loss from the recorder was not directly proportional to the fluid flow 
past it. The J* required to raise the temperature of the thermocouple a fixed 
amount was approximately proportional to the flow at low levels (up to about 
50 ml./min), but thereafter less and less current was required as the flow 
increased and the curves reached an asymptote (Fig. 3). With a constant flow 
past a given recorder, more heat was required in a narrow tube than in a wide 
one, showing that the cooling of the couple depended upon the velocity of the 


fluid past it, being in fact, in the middle range, proportional to the square root 
of the velocity (Fig. 3). 
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Model organ. The fact that, in Grayson’s organ perfusions, in which the 
maximum flow was 50 ml./min, there was linearity between flow and J? 
suggested that, when buried in tissue, the velocity of blood round the couple 
would be on the straight part of the curve calibrated in terms of total flow. 
This was tested on a model made from a rubber sponge (6 x 8 x 13 cm) enclosed 
in a rubber membrane, and perfused with water (at 100 mm Hg pressure), via 
a3 mm diameter tube at one end, from a Dale-Schuster pump (60 strokes/min). 
The model weighed 750 g when full of water and with the maximum flows 
used (500 ml./min), the outflow through a 1 cm diameter tube at the other end 
was non-pulsatile. These dimensions are approximately those of a goat’s udder. 
Heated thermocouples were inserted at random through the walls. The J?/flow 
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Fig. 4. Calibration curves obtained with the model organ with sensitive (A) and insensitive (B) 
heated thermocouples heated to the degrees indicated above ambient temperature (@); 
O, curves obtained with the same recorders by heating for 30 sec at 0-5 A. (C), curves of 
I? (@=1° C)/flow with these recorders at 42-5° C, © ; 33-0° C, +; 21-0° C, x ; and 165°C, @. 


_ curves were very similar to those obtained in simple tubes, with both sensitive 


and insensitive recorders (Fig. 4.4;B). It was also shown that there was little 
significant variation over a wide range of temperatures providing equilibrium 
was attained at each flow (Fig. 4C), since in operation the temperature of the 
hot junction was recorded before each observation was made. However, any 
change of temperature of the ‘tissue’ due to that of the perfusate occurring 
during a reading (which takes 15-30 sec at high flows and 1-2 min at low), 
invalidated the measurement and led to very large errors. 

Dead organs. Experiments with kidneys of dead cats and dogs perfused with 
0-9°% (w/v) NaCl gave similar results (Fig. 5) and when flow was expressed in 
terms of organ weight, the J?/flow curves were parallel initially to Grayson’s 
(1952) published curves for the excised sheep kidney (Fig. 5). However, 
greater irregularities and even reversal were noticed when the perfusate 
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temperature differed from that of the kidney, even when the cold junction of 
the thermoelectric circuit was implanted in the kidney as well. 

In an attempt to standardize the recording still further, the procedure was 
reversed and the rise in temperature of the couple measured in a. to 
a fixed quantity of heat (heater circuit switched on at 0-5A for 30 sec). 
expected, the 6/flow curves were the reciprocal of the /*/flow curves, in “on 
the model organ and in the kidney, but there was no greater stability on 


repeated readings (Fig. 4A). 
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Fig. 5. Calibration curve obtained in a dead cat’s kidney perfused with physiological saline from 
a Dale-Schuster pump (@). The lower graph was plotted from figures given by Grayson (1952) 
for the sheep kidney assuming a weight of 120 g (Sisson & Grossman, 1940). 


Thving organs. Heated thermocouples implanted in the mammary glands 
of lactating guinea-pigs, in order to study the tissue reactions to the recorders, 
indicated a 25°% decrease in blood flow in response to handling and pento- 
barbitone anaesthesia. However, it was not possible to check these findings 
against the actual flow. This was done in the anaesthetized dog and cat by 
venous occlusion plethysmography, in which a mammary gland with recorders 
inserted was kept in a plethysmograph at 37°C, with only vascular and 
nervous connexions to the animal. 

Qualitative agreement between J? (@=1° C) and venous outflow was good, 
except on one occasion in a dog when /? for zero flow (artery clamped) rose 
instead of falling (Fig. 6) and on another, in a cat, when it was much higher 
than the reading in the same tissue after death. Quantitatively, however, the 
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results were disappointing, the scatter of observations about the mean being 


_ large in relation to the slope of the calibration curve and the errors, already 


given, in measuring the thermal conductivity of dead tissue. 

Perfused living organs. More detailed observations were made on three 
perfused living goat udders, with four to six heated thermocouples of known 
sensitivity inserted at random. With a blood temperature of 39°C and a 
surrounding air temperature of 36° C, the conditions approached the normal 
in that the udder temperature was in between the two, depending upon the 
blood flow. The latter was altered over a wide range by means of the perfusion 
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with two heated thermocouples (first and second response are with the same recorder) (@) are 
compared with the blood flow measured by venous occlusion plethysmography (©) and the 
gland volume. 


pump only and no drugs or nerve stimulation, which might alter the distribu- 
tion of blood within the organ, were used. Very little extra heating current was 
required even for large blood flows, and in some positions there was no change 
over the zero reading. In addition, there was frequently reversal, in that the 
I? reading went down when the total outflow went up (Fig. 7). 

Tests on the model organ showed that several recorders could be joined 
(couples in parallel; heaters in series) to give approximately the mean result 
of the members read severally. It was hoped that, by recording simul- 
taneously from different parts of the organ, local differences in flow might 
balance out and give mean readings more truly related to the total flow. This 
was tried in two experiments, by comparing the results with four recorders 
separately and then joined, but with the same results as before (Fig. 7). 
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In two udder perfusions the reversed procedure of measuring the rise of 
temperature with a fixed quantity of heat gave variable results. 

Finally all three procedures were tried with five recorders in two living 
perfused dog livers because this was the organ for which the method was 
designed by Grayson. For these experiments the temperature of the air 
surrounding the liver was raised to that of the perfusing blood. In general, 
there was far less scatter of individual observations around the mean than had 
occurred in the mammary glands, but the shape of the calibration curves was 


07 Ox 
0-4 


A 
0-1 


: Blood flow (mi./100 g/min) 

Fig. 7. Calibration curves from two perfused goat udders. A, simultaneous records from three 
heated thermocouples ( x + ©) separately; B, curve from the same recorders joined ; C, curve 
from another experiment lasting 4 hr with four couples joined. The different symbols refer 
to records made at different times. Couple x is that used in Fig. 4A. 


the same as previously encountered (Fig. 8). In one experiment a single case 
of reversal was noted (i.e. the J* reading went down when the total flow went 
up), and, as in the case of the goat udders, some recorders showed no change 
at all with increases in flow. 


DISCUSSION 


Gibbs (1933) first used heated thermocouples to detect changes in blood flow. 
He recorded the temperature of a small electrically heated element by attaching 
a thermocouple to it and showed that such a small unit could be inserted into 
muscle or kidney tissue as well as in the jugular vein. He also showed that 
the recorders could be calibrated to give quantitative information in vessels 
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and tissue, but stressed that ‘it is most advantageously used when employed 
as an essentially qualitative instrument’, for ‘the study of flow through 
relatively inaccessible structures’. Variations in local tissue blood flow have 
similarly been recorded with such heated thermocouples buried in the tissue 
itself by Lubsen (1941), Scher (1951) and Field, Grayson & Rogers (1951). 
Schmidt & Pierson (1934) used the same principle but with a cooled hot 
junction. With the exception of Scher (1951) who calibrated his couples, for 
use in the kidney, in water passing through sand-filled tubes, only qualitative 
variations in tissue blood flow were recorded. 
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Fig. 8. Calibration curves from two perfused dog livers, with the same five heated thermocouples 
inserted at random. Expt. 1, couples 21 (©) and 29 ( +) separate, and mean curve with five 
couples joined (WY). Expt. 2, couples 21 (@) and 29 ( x) and mean curve from five couples 
joined (7). 

Heated thermocouples fixed in a rigid cannula have been used by Bennett, 
Sweet & Bassett (1944) for measuring arterial blood flow, but in spite of an 
elaborate electrical circuit of balancing and compensating currents, entailed an 
error of 15°% on calibration im vitro and more in vivo. 

Grayson’s contribution to the use of heated thermocouples has been to make 
them to standard specifications ‘whereby observations made on different days 
in different tissues or in different animals may be compared quantitatively ’. 
He measured the current necessary to heat the couple a fixed amount instead 
of recording the temperature rise with a given current and claimed that ‘the 
rate of flow was directly proportional to the /* value’. 

The errors mets a associated with thermal methods of measuring blood 
flow through large vessels and cannulae have been pointed out by many 
workers and have been critically reviewed by Schmidt (1948) and Gregg (1948). 
It is only necessary to emphasize here that, in all cases, in vivo calibrations 
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have revealed errors of 15-20% and that some workers have also reported 
qualitative inaccuracies as well. It is also of interest to note that thermal 
conductivity, upon which these methods depend, is difficult to measure under 
the most standardized conditions, and that the best figures quoted by 
International Critical Tables vary, in the case of water at 20° C, by 2-5% and 
in the case of glycerol by 12%. The errors encountered here of 10% for blood 
and milk and 20% for dead tissue are therefore not unexpected. 

Unfortunately my results do not confirm Grayson’s finding that the cooling 
of the recorder is proportional to the blood flow, except under certain restricted 
conditions, and at present the insensitive part of the calibration curves covers 
flows of physiological interest. The curves for fluid flow through simple tubes, 
a model organ, dead and living tissues are all similar and, where the rise in 
temperature for a given heating current was recorded, agree with the curves 
published by Gibbs (1933), Bennett et al. (1944) and Scher (1951). It is also 
clear that the cooling of the heated element is related to the velocity (v) of 
the fluid past it rather than the volume flow and, as in the hot wire anemo- 
meter (Griffiths, 1923), is approximately proportional to ,/v. It is therefore 
probable that the linear relation to flow reported by Grayson would not have 
been upheld had he continued his observations at higher flow rates (Fig. 5). 

The random insertion of heated thermocouples into tissue undoubtedly 
introduces further complications. In the mammary gland, and to a lesser 
extent in the liver, it would appear that the apparent local blood flow, as 
determined by the changes in thermal conductivity measured, varies from 
place to place and from time to time, accounting for the lack of correlation 
with total flow (Figs. 6-8). Such variations have been observed in the liver by 
Seneviratne (1949) microscopically in the frog, mouse and rat, and by Grindlay, 
Herrick & Mann (1941) in the dog, but not by Birnie & Grayson (1952) using 
this method in the unanaesthetized rat. Some recorders showed no change at 
all with flow (Figs. 7 and 8). This suggests that the trauma of insertion had 
stopped the flow through the area. 

Some of the variation in thermal conductivity would be expected to be due 
to the precise situation of the recorder (whether in connective tissue, gland 
tissue or near a large vessel or duct) and the sphere of influence. Grayson 
(1952) has measured the latter in 10% gelatin by recording the temperature 
gradient back along the thermocouple wires and perpendicular to them, and 
finds it to be approximately a sphere of 5 mm radius. However, it is likely that 
it would in practice become smaller when fluid is flowing past it, and that 
ultimately it would consist of the insulating material only. Thus the exact 
situation of the recorders would be more critical at higher flows, even assuming 
a uniform flow in the gland tissue. It is therefore difficult to say how much of 
the variation from recorder to recorder is due to real differences in blood flow. 
It might appear more likely that variations in time encountered in the same 
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recorder in the same place, are due to changes in blood flow, assuming that 
other fluid movements (e.g. bile, milk, lymph) are not occurring or are small — 
in relation to it. However, this may be due to changes in the pattern of flow 
around a recorder rather than in the total, due to the opening or closing of 
areas of the vascular bed, as reported in the liver by Seneviratne (1949). In 
living tissue blood would seldom flow straight past a recorder and, in the 
possible case of blood warmed by the recorder returning to its vicinity again, 
the effect would be to reduce the sensitivity. This is low anyway in relation to 
the errors of measurement. 

In the perfused organs care was taken to see that thermal and mechanical 
equilibrium had been reached before readings were made. But in the living 
organ in situ changes of blood flow are accompanied by changes in tissue 
(blood) temperature, particularly if it is peripherally situated (Bazett, Love, 
Newton, Eisenberg, Day & Forster, 1948). Such changes occurring quickly 
during a reading, which takes some time, would lead to very large errors. 
Even if the cold junction of the thermoelectric circuit is also buried in the 
tissue it cannot be assumed that it will be equally affected by a change in 
blood temperature. It might also have to be determined for accurate work, 
what is the effect of the heating itself upon the local flow, both directly and 
reflexly (e.g. axon reflex). 

It is perhaps significant, that in the small number of experiments performed, 
smoother and more reproducible results were obtained in the liver than in the 
mammary gland. This may mean that the liver is more homogeneous in terms 
of temperature and blood flow and more nearly resembles the sponge model 
than peripheral organs receiving a purely systemic blood supply. 

Thus, whilst this method of using heated thermocouples can be employed 


_ to measure the flow in tubes to give results comparable with those obtained 


with other thermostromuhrs, it is less effective when used to give quantitative 
measurements from random points in tissues. The results reported in this 
paper confirm Gibbs’s original conclusions that careful in vivo calibration under 
the conditions of use must be undertaken to determine how far local changes 
in thermal conductivity reflect those in total blood flow, but that, as there is 
sometimes doubt as to its accuracy for recording qualitative changes, some 
other method should be used as a check if possible. 


SUMMARY 


1. Grayson’s method (internal calorimetry) of using Gibbs’s heated thermo- 
couples for measuring local tissue blood flow, has been applied to the mammary 
gland. 

2. In vitro calibrations in tubes and in a model organ, as well as in the 
perfused dead kidney and the perfused living mammary gland and liver, have 
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failed to substantiate the claim that the ‘heat applied to the recorders is 
proportional to the fluid flow past them. 

3. Some of the factors concerned in the accuracy and sensitivity of the 
method are discussed. | 

4. Under the conditions of these experiments the apparent local blood flow, 
as indicated by the measured increase of thermal conductivity, could not be 
used as an accurate measure of total blood flow. 

In addition to my Director, Dr I. de Burgh Daly, F.R.S., who gave me encouragement at all 
times, I am grateful to Dr M. C. Marsh of the Cambridge Instrument Co. Ltd. for advice on 
electrical insulation and to Dr Catherine 0. Hebb who helped me to set up the perfusion 
experiments. 
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MOVEMENT OF RADIOACTIVE POTASSIUM AND 
MEMBRANE CURRENT IN A GIANT AXON 
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- One remarkable property of nerve fibres is that they are capable of passing 


large outwardly-directed currents for considerable periods of time when 
depolarized by 10-50 mV (Cole & Curtis, 1941; Hodgkin & Huxley, 1952). 
These currents may be nearly one hundred times greater than those associated 
with a corresponding increase in membrane potential. They are interesting 
physiologically because they are of the right sign and magnitude to explain 
the rapid recharging of the membrane capacity during the falling phase of the 


action potential. Since there is evidence that 
potassium ions move outwards during activity 
it has been assumed that the prolonged out- 
ward current associated with depolarization is 
carried by potassium ions (Hodgkin & Huxley, 
1952). The experiments described here were 
designed to test this point and the affirmative 
answer which they provide has already been 
mentioned in earlier papers. 

The principle of the method is illustrated by 
Fig. 1. A single nerve fibre from Sepia was 
isolated and soaked in a solution containing 
radioactive potassium for a few hours. It was 
then mounted in oil with the central portion in 
a drop of sea water about 6 mm in diameter. 
The contents of this drop were changed periodi- 
cally by operating a pair of syringes coupled 
in ‘push-pull’, After each change the fluid col- 
lected in one syringe was ejected on to a nickel 


Fig. 1. Diagram illustrating 
method. 


dish, dried and analysed for “*K with a Geiger counter. The outward flux of 
potassium at rest and in the presence of current was calculated from the 
quantities of “*K leaving the nerve in unit time and from measurements of 
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specific activity made at the end of the experiment. The difference between 
the two fluxes gave the extra leakage of internal potassium associated with 
any particular current. The electrical quantity with which this must be com- 
pared is not the total current through the nerve and external fluid but the 
component which leaves the axis cylinder in the region occupied by the drop. 
In the present experiments sufficient current was supplied to the guard elec- 
trodes to make their ends equipotential with the drop. Under these conditions 
no current could flow along the outside of the nerve between the drop and the 
guards so that the current crossing the membrane in the region of the drop was 
necessarily equal to that recorded by the galvanometer. 


METHOD 
Material 
Giant axons 170-260 » in diameter and 40-70 mm in length were isolated from Sepia officinalis 
by the.usual methods (Keynes, 1951). 
Electrode system and electrical connexions 

The method of supplying current to the nerve fibre is illustrated in Fig. 1, and, in greater detail 
but still diagrammatically, in Fig. 2. The nerve was held at either end by forceps and was mounted 
about 0-5 mm above the bottom of a Perspex chamber which was filled with oil. A drop of sea 
water 6 mm in diameter and about 2 mm in height was located and stabilized by a circular groove 
in the bottom of the Perspex chamber. Electrical contact with the drop was made by two holes 
(80 u in diameter) which were plugged with agar sea water and connected through tubes drilled in 
the Perspex with the sea-water pools P, and P,, which contained Ag-AgC! electrodes. The guard 
electrodes were placed about 0-6 mm on either side of the drop and consisted of agar wicks about 
0-4 mm in thickness. One end of each wick was brought into contact with a small hole filled with 
agar sea water which communicated through a wider tube with an open pool of sea water (P, or 
P,). The other end of each wick was connected to the common guard electrode through a glass 
tube filled with agar sea water and a rubber tube filled with sea water. The resistance of the latter 
could be varied by compressing the rubber tube with a screw. In practice one tube was com- 
pressed to a standard extent giving the fixed resistance R,, while the other was used as the variable 
- resistance 

~ The mode of action of the whole system is best described by considering the procedure followed 
in a typical experiment. After the fibre had been mounted, a standard current was applied by 
closing the switch S with the potentiometer R, set to a suitable value. The potentiometer R, was 
increased until removal of the fluid bridge F, gave a deflexion of less than 50 V in the potential 
difference recorded by the d.c. amplifier. The potential of the drop was then equal to the mean 
potential of the two guard electrodes. If the nerve had been perfectly uniform and if the resistance 
of the guards had been equal one would expect that the two guard electrodes would be equipotential. 
In practice neither condition was easy to realize, and it was therefore necessary to vary R,, until 
removal of the fluid bridge F, as well as F, caused no detectable shift in potential. This adjustment 
ensured that both guards were at the same potential as the drop. The setting of R,, was not at all 
critical and only had to be made once in each experiment. The position of R,, on the other hand, 
had to be altered fairly frequently since the fraction of the total current which flowed into the 
drop varied with the membrane conductance. 

If the circuit for supplying current was disconnected it was often possible to detect a change in 
p.d. when the fluid bridge F, was removed. This effect was due to small differences in resting 
potential and its sign was usually such as to make the potential of the guards lower than that of 
the drop. Under these conditions current must have been flowing from drop to guards along the 
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fluid outside the nerve. This means that the drop region was not in a condition of zero membrane 
current, as it should have been if the analysis is to be exact. The difficulty was overcome by taking 
resting measurements with the lead to the drop disconnected and supplying the guards with 
sufficient current to bring them to the same potential as the drop. 
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Fig. 2. Diagram of nerve chamber and electrical connexions. Inset: vertical sections through 
drop, in plane of nerve (above) and at right angles (below). The Perspex was cut away below 
the drop in order to allow £ rays to reach a Geiger counter. 


The reason for using fluid bridges (F, and F,) and fluid resistors (R,, and R,,) instead of the 
metal equivalent of these elements is that it makes the operation of the whole apparatus inde- 
pendent of the potential differences across the Ag-AgCl electrodes used for supplying current or 
recordings potential. It was therefore, unnecessary to take any special precautions to obtain 
uniform electrodes or to prevent the larizing when currents were applied. 


Mode of action of guard system 
In considering the action of the guard electrodes it is important to know whether their operation 
will be upset by the use of a finite distance (0-6 mm) between guard and drop instead of an 
infinitesimal one as assumed in the simplified discussion on p. 404. This is best done by treating 
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the nerve as a linear cable and calculating the distribution of potential and membrane current by 
standard methods. The results of such an analysis are given in Fig. 3. A fairly low value for the 
membrane resistance has been chosen in order to represent the condition of a depolarized axon. 
It will be seen that the external voltage gradient is zero about half-way between the edge of the 
drop and the guards. (The exact distance is 0-303 mm from the edge of the drop.) These points of 
zero voltage gradient define the length of nerve over which current crossing the membrane goes 
to the central electrode. Outside these limits any current in the external fluid necessarily goes to 
the guards. This means that the collecting length of the central electrode is not the drop itself but 
the drop plus about 0-3 mm of axon on either side. A correction here would be uncertain since it 
would depend on the variation of membrane conductance with membrane potential. Fortunately 
this source of error was offset by a very similar one arising from longitudinal diffusion of potassium 
ions in the external fluid. The cross-sectional area of the guard electrodes was large compared to 
that of the external fluid so that the concentration of “*K should have been nearly as low at the 
guarded points as in the drop. This means that there should have been a point of zero diffusion 
gradient about half-way between guards and drop so that the collecting length for “*K should 
have been nearly the same as that for membrane current. 


4 


Fig. 3. Theoretical changes of potential in a linear cable produced by current flowing into a large 
central electrode (the drop) and into two adjacent electrodes (the guards). The curves show 
the change in potential from its resting value in the axis cylinder and external fluid and were 
calculated on the following assumptions: width of drop, 6 mm; standard equations of cable 
theory with the external resistance zero in the drop and twice the internal resistance else- 
where; axon diameter 200 ; specific resistance of axis cylinder, 50 Q cm; membrane resistance 
1000 2 cm*. The guard electrodes were taken as infinitesimal and the cable as infinite. The 
ratio of guard to drop current is determined by the condition that guard and drop are 
equipotential. 


Modified method for large cathodal currents 

The guard system worked well for currents in which the component into the drop was less than 
2A but was unsatisfactory for higher currents. With increasing cathodal currents a progressively 
larger fraction of the total current went to the guards and eventually damaged the nerve. The 
change in the relative proportions of drop current to guard current is a necessary consequence of 
the rectifying properties of the membrane which make the membrane resistance fall when the 
axon is depolarized. In theory it should be possible to improve matters by reducing the gap 
between guards and drop. But this was not practicable because surface tension effects tended to 


constrict the fibre if the gap was too short. In any case short gaps were unstable mechanically 
and therefore unsatisfactory. 
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In order to avoid these difficulties the guard electrodes were removed and current outside the 
drop was reduced to a relatively low value by wiping the fibre periodically with a solution of high 
resistivity. The composition of this solution was: 750 mu-dextrose, 10 mm-K, 11 ma-Ca, 37 mM- 
Mg, 103 mm-Cl and 3 mm-HOO,; ite specific resistance was 6-85 times that of sea water. The drop 
itself contained sea water, as in the previous method. In order to treat the parts of the fibre 
immediately adjacent to the sea-water drop, it was necessary to draw the small drop of sugar 
solution along the nerve until it finally coalesced with the sea-water drop. The sea water in the 
drop was changed after each wipe so as to avoid contamination from any “*K collected by the 
drop of sugar solution. 

This method was intended for use with large cathodal currents which were mainly concentrated 
at the edges of the drop. If the effective space constant is small compared with the width of the 
drop it can be shown that the fraction of the total current which crosses the membrane in the drop 
is r,/{r, +7, +72) where r, and r, are the resistances per unit length of the external fluid 
and axis cylinder. This statement can be proved by a method similar to that used by Cole & Curtis 
(1941) without assuming that the membrane conductance is constant. According to Weidmann 
(1951) r,/r,= 1-9 for an oil-immersed axon which has previously been in sea water. In the present 
case the wiping solution was 6-85 times more resistant than sea water so that r,/r, is taken as 13 
and the drop current is then 0-73 times the total current.. This ratio was adopted in calculating the 
currents enclosed in parentheses in Table 2. 


Drop-changer 

This was built from two matched syringes of bore 0-7 cm and capacity 1-5 ml. The plungers 
were operated by a rack and pinion in order to give a smooth motion. When collecting from the 
drop, both nozzles were placed below its surface and the plungers were moved downwards until 
the air bubble had travelled from the tip of tube A (Fig. 1) to a position about half-way up. This 
operation transferred the contents of the drop to tube A and replaced it with an equal amount of 
fresh sea water from B. The drop-changer was then raised and swung into a position suitable for 
ejection and refilling. Nozzle A was placed above a nickel dish while B was dipped into fresh sea 
water. The plungers were then moved upwards so that all the fluid below the air bubble was 
ejected on to the nickel dish and B was refilled with fresh sea water. The volume of fluid used to 
wash out the drop was 0-6 ml. which was about 10 times the volume of the drop. The apparatus 
was tested in the absence of a nerve by starting with a solution of known radioactivity in the 
drop and measuring the amount left after operating the drop-changer. This showed that 90-95 % 
of the radioactivity was removed in a single change. The collecting efficiency sometimes appeared 
to be less good when the nerve was'in position and two changes were normally made after a period 
of current flow. Errors due to inefficient collection would have had little effect on the estimates of 
resting leakage because these were usually based on a number of measurements made with the 
nerve in an approximately steady state. Under these conditions a ‘carry-over’ from one drop to 
the next would not influence the result. 

Samples of K,CO, or KHOO, were irradiated at A.E.R.E., Harwell, turning some of the potas- 
sium into “*K, and were subsequently converted into **KCl by the methods mentioned by Hodgkin 
& Keynes (1953). Artificial sea water containing “*K was made up with a K concentration of 20 mm 
and the concentration of other ions approximately as stated by Keynes (1951, table 1). Axons 
were left in the radioactive sea water for 1-4 hr and were then transferred to ordinary sea water 
(10 mm-K) for about 10 min in order to wash off extracellular “K. The next operations were to 
mount the fibre in the measuring chamber and to determine the amount of labelled potassium in 
the central part of the axon with a scréened Geiger counter placed below the measuring cell. This 
determination influenced the choice of a suitable time for collecting “*K in the drop of sea water 
but was not used in the final calculation. 

The “K content of each drop was determined by drying the drop on a nickel dish and counting 
the 8 particles emitted with an end-window Geiger counter of conventional design. The results 
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were standardized by comparing them with the counting rates produced by a weighed quantity 
of a “K solution of known concentration. | 

Since potassium ions were collected from only 6 mm of nerve the counting rates were low, and 
it was sometimes necessary to count each sample for 30-60 min. The labour and loss of efficiency 
resulting from prolonged manual counting led us to design a simple form of automatic counter 
which handled twelve samples without attention. A description of this device would be out of 
place since it was not finished until the experiments were nearly complete. 

At the end of each experiment about 15 mm of the central part of the axon was cut out and 
dried on a quartz thread. The total quantity of ““K was obtained by counting the fragment of 
nerve in the same way as the dried drop of sea water. 


Potassium analyses 

After the “*K content of the dried nerve had been measured it was stored in a quartz tube and 
subsequently analysed for total potassium. These determinations were carried out with the help 
of Dr Keynes by the method of activation analysis (Keynes & Lewis, 1951).The method gave both 
sodium and potassium but about half the sodium was extracellular since we did not soak the fibres 
in a choline solution. Potassium concentrations were calculated from the total potassium and the 
axon diameter using a correction for a layer of extracellular fluid 20 in thickness. This figure, 
rather than 13 (Keynes & Lewis, 1951), was chosen because it gave a reasonable value for the 
internal sodium concentration. However, the total correction for extracellular potassium was 
only 2% so that the difference is unimportant. 


EXPERIMENTS AND RESULTS 
A typical expervment and method of calculation 
Although the sequence of operations altered slightly during the course of the 
work, it is easiest to describe the procedure by considering a single experiment 
in detail. The essential results are given in Table 1; qualitatively this shows 
that the outward flux of potassium is reduced by an anodal current and increased 
by a cathodal one. 

The method of calculation is illustrated by considering the extra leakage due 
to a current of 1 1A lasting 9 min (sample 8). Samples 7 and 10 gave a mean 
resting leakage of 1-065 counts/min per min which is in good agreement with 
values obtained in the rest of the experiment. Most of the extra leakage due 
to current occurred in sample 8, but about 10% was not removed in a single 
change and appeared in sample 9. The extra leakage due to current was there- 
fore taken as the total quantity in samples 8 and 9 minus the amount due to 
resting leakage, i.e. 52-0 + 9-8 — 14-8 x 1-065 = 46-0 counts/min. At the end of 
the experiment the central 15 mm of axon was found to give 783 counts/min 
(all counting rates have been corrected for decay). Two months later activation 
analysis showed that this piece of axon contained 115,000 p.mole of potassium 
(1 p.mole=1 ppmole=10-" mole). The last two measurements give the 
counting rate of potassium in the nerve, and this fatio is assumed to apply to 
potassium ions which crossed the membrane during the experiment as well as 
to those left in the axon (see p. 411 for discussion of possible errors). On this 
basis the extra leakage of potassium associated with outward transport of 
charge is 46 x 115,000/783=6760 p.mole. The total charge crossing the 
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membrane is 1-07 x 9x 60=578 ycoulomb or 6000 p.mole of monovalent 
cation. The average current density in the drop can be obtained by dividing 
figures such as these by the duration of current and the area of membrane in 
the drop. Resting fluxes are obtained in a similar manner. Since the counter 
was standardized with a weighed sample of the solution used to make the nerve 
radioactive it was also possible to calculate the fraction of labelled potassium 


present. The complete results of this experiment, together with others, are 
summarized in Table 2. 


TaB_z 1. Results of a typical experiment 
Axon 3: Diameter 177 u 


Time 
(min) 
5 Excitability test: threshold 27 
Time Counting rate 
interval of sample (counts/min 
(min) Condition of nerve Sample (counts/min) per min) 
22 9-6 Resting 1 ~ 10-2 1-06 
32 10-4 Resting 2 11-5 1-10 
42. 100 07 nA (a) for 9-25 min 3 6-9 — 
52 10-0 Resting 4 11-6 1-16 
62 10-0 0-545 A (c) for 9-25 min 5 26-9 
69 3-5 Resting 6 6-0 — 
76 10-0 Resting 7 11-8 1-18 
86 10-0 1-07 wA (c) for 9-0 min 8 52-0 = 
93 4-8 Resting 9 9-8 — 
101 10-0 Resting 10 9-5 0-95 
lll 10-0 0-545A (c) for 9-25 min ll 33-2 — 
118 3-8 Resting 12 4-0 a 
125 10-2 Resting 13 6-5 0-64 


135 Excitability test: threshold 26 

141 15 mm cut out and dried 

-— Counting rate in excised 15 mm determined later as 783 counts/min 
— Total potassium in excised 15 mm determined later as 115,000 p.mole 


(c) a cathodal current. All counting rates have 


been 
rrected for background and decay. The times in the first column refer to the mid-time of each 


Results 


Six complete experiments were carried out by the guard method and three 
by the sugar method. The results are given in Table 2 and are seen to be similar 
' to those described in the previous paragraph. An instructive way of examining 
the data is to plot the increment in the outward flux of potassium against the 
current density as in Fig. 4. The straight line in this graph was drawn through 
the origin with a slope given by the Faraday, and the fit to the cathodal points 
is evidence that steady cathodal currents are carried mainly by potassium 
ions moving outward through the membrane. A similar conclusion may be 
drawn from the fact that the ratios in column (8) of Table 2 are near unity. 
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100 ho 
Outward current density [coulomb cm™ 


Ye 4 Abscissa: mean outward membrane current density in drop (=total membrane current 
in drop divided by area of membrane in drop). Ordinate: mean increment in potassium 
outflux associated with flow of current (=outflow+by area of membrane in drop). The 
vertical lines show + twice the s.z. estimated from the observed counting rates. Full circles 
and continuous lines were obtained by the guard method; hollow circles and dotted lines by 
the modified method for large currents. The horizontal line at — 55 p.mole cm~* sec is drawn 
at a level corresponding to complete suppression of the average resting outflux. 


Sources of error 

Counting errors. These were estimated in each experiment and the results are given in Table 2, 
column (10). The large standard error of the extreme point in Fig. 4 arose because only freshly 
isolated axons will remain excitable after very large currents. This meant that the duration of 
treatment in “*K was shorter than we should otherwise have employed. 

Errors in collecting potassium. A trace of **K must have been lost by diffusion into the small 
holes used to make electrical connexion with the drop: the error here was calculated as about 
0-3 %. The effect of diffusion from the parts in oil was probably offset by a similar error in measuring 
current (see p. 406). 

Errore in potassium analysis. Keynes & Lewis (1951) estimated the standard error of their 
method as +2%,. Our measurements may have been somewhat less accurate since we used smaller 
quantities of axoplasm. 

Errors in measuring specific activity. In working out the results it was assumed that the specific 
activity of the potassium which left the axon during the experiment could be obtained from the 
ratio of “*K to total potassium at the end of the experiment. The time between the application of 
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current and the end of the experiment varied between 30 and 110 min and averaged 50 min. It is 
therefore necessary to consider how much the specific activity might alter in this time. Most of 
the axon was in oil so that its specific activity could not alter, apart from radioactive decay which 
was always allowed for. Nor would a net leakage of potassium into the drop have any effect unless 
the membrane could distinguish between labelled and unlabelled potassium, The process which 
could have altered the specific activity is an entry of unlabelled potassium from the drop into the 
axon. Taking the drop width as 6 mm, the axon diameter as 220 » and the inward flux as 17 p.mole 
cm-* sec-? (Keynes, 1951) it is found that the total entry of potassium in 50 min is 2000 p.mole. 
This is only 1-3% of the total potassium in 15 mm so that the error here is likely to be small. 

The method of calculation would be upset if a substantial part of the potassium were bound so 
firmly that it could not exchange with “*K. In this case the relevant factor for converting counting 
rate into quantity of potassium should be taken from the quantity of exchangeable potassium and 
not from the total potassium. However, the experiments of Hodgkin & Keynes (1953) indicate 
that the fraction of bound potassium in Sepia axons is less than 10% so that the error here is 
unlikely to be important. 

Errors in method for large currents. This method assumes a ratio of external to internal resistance 
and is clearly liable to larger errors than the first method. The use of an equation based on an 
infinitely large drop would make the drop current too large. 


DISCUSSION 


The results described in this paper are subject to two qualifications. In the 
first place the measurements refer not to current densities or potassium fluxes 
in a uniform fibre but to quantities averaged over a length of 6 mm in which 
there was considerable variation of membrane potential. This should not upset 
the correlation between potassium movement and current, but it does mean 
that there is doubt about the range of current density and flux to which the 
measurements apply. In order to form some idea of the way in which membrane 
current varied over the drop we assumed that the steady state relation between 
membrane potential and current density was similar to that in Loligo (Hodgkin, 
Huxley & Katz, 1952, fig. 13). On this basis it can be shown, by a method 
similar to that of Cole & Curtis (1941), that an average current density of 
1004A/cm* over 6 mm would correspond to a current density of about 
1000 .A/cm? at the edge and a maximum depolarization of roughly 50 mV. 
This implies that the outward flux of potassium at the edge would be about 
10,000 p.mole cm-* sec-, which is 200 times greater than the resting outflux. 
These estimates are obviously rather uncertain but they indicate that the 
experiments described here apply to the range of current density and membrane 
potential which we used with Loligo. 

The second reservation which must be made is that the approximate 
equivalence of outward potassium flux and membrane current does not 
necessarily mean that potassium is the only ion concerned in carrying current. 
In order to establish this point in a rigorous manner it would be necessary not 
only to make more accurate measurements but also to study potassium influx 
at the same time as the outflux. If there were no change in permeability one 
would expect that depolarization would increase the outward potassium flux 
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and decrease the influx. In this case the contribution of potassium ions to the 
eurrent would be larger than that found by our method. On the other hand, 
since the permeability to potassium almost certainly rises when the fibre is 
depolarized there may be an increase in influx, so that our method may 
overestimate the contribution of potassium ions. Although we cannot eliminate 
this possibility it is not thought to be particularly important. With the larger 
cathodal currents the membrane potential would be near zero and the ratio 
of inward to outward flux ought not to exceed the concentration ratio across 
the membrane. In this case the influx would be less than 4% of the outflux 
so that it may reasonably be neglected. There is more doubt about the weaker 
cathodal currents, but it seems unlikely that the influx could have exceeded 
one-fifth of the outflux. On general grounds one would expect the transport 
number of potassium to approach unity over the range of membrane potentials 
in which the membrane behaves like a potassium electrode but to fall off 
markedly as the potential approaches its resting value. 

Little need be said about the subsidiary results in Table 2. The resting fluxes 
are similar to Keynes’s (1951) average value but somewhat greater than the 
figures which he gives for fresh fibres. This is not surprising since we found it 
necessary to soak axons in “*K sea water for long periods in order to obtain 


reasonable counting rates. The average figure for the internal potassium con- 


centration also agrees reasonably with those given by Keynes & Lewis (1951) 
for fibres which had been isolated for several hours. Any comment on the 
contribution of potassium movement to anodal currents would be premature 
since our method gave no information about variations in potassium influx, 
which are likely to be of considerable importance under these conditions. 


SUMMARY 


1. A method for comparing membrane current and potassium outflux was 
applied to isolated axons from Sepia officinalis. 

2. The outward flux of potassium was decreased under an anode and 
increased under a cathode. 

3. Over a wide range of cathodal currents the quantity of potassium leaving 
6 mm of axon was equivalent to the total electric charge passing through the 
same area of membrane in the same time. | 

4. It is concluded ‘that the steady outward current associated with de- 
polarization is mainly carried by potassium ions. 

We are greatly indebted to Dr R. D. Keynes for help with the tracer methods and potassium 


analyses. The expenses of the work were met by grants from the Rockefeller and Nuffield 
Foundations. 
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THE OPTIC NERVE. 
PROPERTIES OF A CENTRAL TRACT* 
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In attempting to reconstruct the compound spike potential of the cat’s optic 
nerve from the fibre-calibre spectrum (Bishop, Glenn and Gye, to be published) 
information was required concerning the properties of the fibres. For this 
purpose a technique of antidromic activation of the nerve in situ was developed. 
_ This preparation has provided a unique opportunity for determining the 
properties of the fibres in a tract in the central nervous system, for develop- 
mentally and structurally the optic nerve must be considered as a central 
tract (Cone & Macmillan, 1932). The systematic study of the properties of 
mammalian peripheral nerves by Gasser & Grundfest (1936, 1939), Grundfest 
& Gasser (1938) and Grundfest (1939) demonstrated that the fibres fall into 
three major groups (A, B and autonomic C) with the possibility of a fourth 
(afferent C). Gasser (1950) has recently confirmed the existence of a distinct 
afferent mammalian C group. By contrast, very little information of a similar 
nature has as yet been obtained about the fibres in the central pathways. The 
scattered data available are almost entirely restricted to aspects of conduction 
velocity (e.g. G. H. Bishop, 1933; Grundfest & Campbell, 1942). It is generally 
assumed that central fibres will have the same properties as those in the 
periphery, but hitherto it has not been possible to identify any of the major 
peripheral groups in the central nervous system. As a result of the investiga- 
tion to be reported here it has been demonstrated that all the fibres in the 
cat’s optic nerve belong to the A group. A similar study (Bishop, Jeremy & 
Lance, 1953) on the pyramidal tract indicates that all the myelinated fibres 


in that tract probably also belong to the A group. 


* Aided by grants from the National Health and Medical Research Council of Australia and 


the A. E. Kahn Donation. 
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METHODS 
Adult cata were used in all the experiments, and were anaesthetized with intraperitoneal Dial (Ciba ) 
(0-6 ml./kg) with occasionally additional small amounts (0-5 ml.) of pentobarbitone sodium 
(Nembutal) intravenously to control the level of anaesthesia. Throughout the course of the 
experiment the cat’s body temperature, read with a rectal thermometer, was controlled within 
normal limits (38-39° C) with the aid of an electric heating blanket. 

The preparation of the optic nerve for stimulation or recording has been described elsewhere 
(Bishop, 1953; Bishop, Jeremy & McLeod, 1953). The eyeball contents were removed and the 
bulb wall collapsed and tied around a small silver rod with expanded end which served as a lead 
from the crushed end. The major portion of the bulb wall distal to the tie was now cut away. Up 
to 10 mm of optic nerve enclosed in ite dural sheath may be suspended clear of orbital tissue by 
means of a thread tied to the silver rod. A second silver electrode in the form of an inverted ‘U’ 
was placed astride the nerve at a distance of 8 mm from the eyeball. For antidromic monophasic 
recording the nerve was crushed at its exit from the eyeball, the crushed portion being about 
2 mm wide; the active electrode is then 6 mm from the proximal portion of the crush. The problem 
of obtaining a satisfactory monophasic lead has been discussed recently by Gasser (1950). The 
optic nerve does not lend itself to the use of the cocaine block, and the simple procedure of 
crushing the nerve, though by no means reliable, was adequate for the purposes of the present 
investigation. In most cases a monophasic record was obtained but some diphasicity usually 
became apparent later, so that recrushing was necessary to maintain the monophasic lead. 

The cortex of the opposite cerebral hemisphere above the optic tract was exposed. The head was 
firmly clamped in a stereotaxic instrument and the electrodes directed through the intact cortex 
into the optic tract by means of a micro-manipulator using Horsley-Clarke planes of reference. 
The most suitable Horsley-Clarke vertical was found to be centred about 7-5 mm lateral and 
_ 12-5 mm anterior. When introduced into the optic tract along this vertical the stimulating 
electrodes gave an antidromic conduction distance to the electrode astride the nerve of about 
22-5 mm. This conduction distance only varied by + 1-0 mm in the majority of the experiments. 
At the position selected the optic tract is a compact bundle running at right angles to the Horsley- 
Clarke vertical. More posteriorly the tract begins to curve upwards in a broad sweep round the 
cerebral peduncles, becoming almost vertical and very much broader as the lateral geniculate 
body is approached, At the end of the experiment a needle was inserted and left in the brain to 
mark the stimulation site. The animal was perfused with normal saline and formalin-saline and 
the brain and optic nerves removed intact. By subsequently dissecting away the temporal lobe 
to expose the needle transfixing the optic tract the apparent conduction distance was measured 
by placing a fine cotton thread along the nerve and tract from eyeball to needle. 

The bipolar stimulating electrodes were prepared by electrolytically pointing steel beading 
needles (Bishop & Collin, 1950; Grundfest, Sengstaken, Oettinger & Gurry, 1950). They were mounted 
about 1 mm apart and insulated to the tip with Bakelite varnish. The cathode of the bipole was 
directed along the appropriate Horsley-Clarke vertical with the anode orientated so that it would 
enter the tract on the geniculate side of the cathode. The stimulating pulses were about 50 psec in 
duration and up to 100 V in amplitude, delivered to the preparation through a shielded transformer. 


With the apparatus and techniques available it was not found possible to stimulate the optic tract _ 


maximally. Increasing the amplitude and duration of the stimulating pulse beyond that used in 
these experiments is probably undesirable because of the difficulty of controlling current spread 
and the consequent uncertainty regarding site of stimulation. For orthodromio recording a steel 
microelectrode with a tip diameter less than 10 was used with stimulation applied via the 
electrodes on the optic nerve. 


RESULTS 
The compound spike potential of the optic nerve 
The determination of the compound spike potential of the optic nerve as 
a whole is beset with difficulties which have not, as yet, been satisfactorily 
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surmounted. Insufficient optic nerve can be mobilized to provide an adequate 


conduction distance. It will be seen below that the method of antidromic 
stimulation of the tract used in this investigation does not provide a satis- 
factory alternative. The optic nerve distributes fibres to both optic tracts, and 
although the form of the compound spike potential of each component 
separately, crossed and uncrossed, seems fairly clear, difficulty is experienced in 
attempting their combination because of lack of precise information concerning 
the separate conduction distances. The fibre-calibre spectrum of the cat’s optic 
nerve has been studied in this laboratory. A preliminary statement of this 
work (Bishop, 1953) will be followed by a detailed account later (Bishop & 
Walshe, to be published). The nerve contains about 120,000 fibres, all of which 
are myelinated and range in axonal diameter from 1 to 85yu. The fibre-size 
spectrum shows evidence of grouping about axonal diameters of 1-1-5y and 
4-4-5, although the modes are rather ill defined. About 80% of the mares 
have axon diameters of 3. or less. 


Fig. 1. The antidromic compound spike potentials from the optic nerve of the opposite and the 
same side using a common stimulation site in the tract for each pair of records a and e¢, b and 
f, ete. In the third column these have been superimposed. _ZUiewnecnatangr hammamm 
19-5 mm. Time intervals 0-2 msec. 


If the fibres in the one tract are stimulated, records from the optic nerve of 
either side reveal the presence of two distinct fibre groups (Fig. 1). Such 
a clear separation of peaks, especially in the crossed fibres, would not be 
expected from a consideration of the fibre spectrum of the optic nerve. The 
presence of two fibre groups is clearly suggested, however, by an inspection of 
a suitably stained cross-section of the optic tract at the site of stimulation 
(Fig. 2A, B). The fibres show a well-marked segregation according to size with 
only small fibres present in the upper part of the tract and the large fibres 
concentrated into the lower portion. Although the upper part contains small 
fibres only, there are, however, small fibres scattered amongst the large. This 
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"segregation according to size may easily be ‘temonstrated by inserting a 
stimulating bipole from above downwards through the optic tract at intervals 
of 250 p» recording the nerve response at each step. Fig. 2D shows the result of 
a typical experiment recording from the contralateral optic nerve. It will be 
seen that record (a) contains only a small fibre spike with the large fibres 
becoming apparent after the bipole has been moved on a further 0-5 mm or so. 


Fig. 2. A and B, fields from cat’s optic tract stained with osmium tetroxide. A, field from the 
upper part of the tract containing small fibres only. B, field from the lower part of the tract 
containing both large and small fibres. C, scale, 10 and 50. D, antidromic records from con- 
tralateral optic nerve with the stimulating bipole descending through the tract at intervals 
of 0-25 mm. Time intervals 0-2 msec. Conduction distance 19-5 mm. 

Though the small fibres make a recognizable contribution to the compound 

potential throughout the whole extent of the bipole traverse it becomes 

relatively small in the lower records. A similar segregation of fibres is apparent 
if records are taken from the homolateral nerve (Fig. le-h), the small and 
large fibres of each side being grouped together in the tract. In the case of the 
homolateral response the amplitude of the small fibres at each stimulation site 
approximates that given by the small fibres in the other nerve, but the 
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amplitude of the large is very much smaller. Thus the homolateral tract fibres 
are predominantly small. The response from the homolateral nerve may 
occasionally reveal a distinct peak due to large fibres (e.g. Fig. 1h), but it is 
more usual for them to produce little more than a hump on the foot of the 
rising limb of the small fibre spike (e.g. Fig. 1/). 

A rather unexpected finding is revealed when the time relations of the peaks 
of the spike potentials are compared by superimposing the responses from 
a common stimulation site in the tract and with recording electrodes placed at 
equal distances from the eyeball in each case (Fig. 11-1). Records were taken 
at intervals of 250. as the stimulating bipole was inserted down through the 
optic tract. Those selected for Fig. 1 were at intervals of a to b 0-25 mm, 
b to c 0-5 mm, and c to d 0-5 mm. The homolateral small fibre spike falls in the 
trough between the two contralateral spikes (Fig. 1j) with the homolateral 
large fibre peak very slightly earlier than its fellow of the opposite side. 
Although the homolateral small fibres have been consistently faster than the 
contralateral small group the low amplitude of the homolateral large fibre 
potential makes a similar relationship for the large fibres difficult to determine. 
The homolateral large fibres have never been slower than the contralateral. 
To what extent this finding reflects a difference in the fibre-size spectra of the 
two components in the tract it is difficult to say because of the uncertainty 
regarding the true conduction distances in each case. The chiasm in the cat is 
‘H’-shaped rather than ‘X’-shaped with the cross-member of the ‘H’ 
measuring about 2-5mm. Presumably this would make the conduction 
distance of the crossed fibres longer than the uncrossed by the same amount. 
Such a difference in conduction distance is, however, insufficient to account 
for the observed difference in peak times. If the fibre spectra of the two 
pathways are different it would explain why the groupings in the spectrum of 
the nerve are ill-defined. These alternatives are at present under investigation. 


Conduction velocities 

Using a fine cotton thread for measuring conduction distances (see Methods) 
the conduction velocity of the peaks of the various fibre spikes has been 
determined. That of the contralateral large fibres ranged from 30 to 40 m/sec 
(mean 34) and the homolateral large fibres appear to be faster in every instance 
by about 0-5-1-0 m/sec. The velocity range of the contralateral small fibres 
was 15-20 m/sec (mean 18) and for the homolateral small, 17-23 m/sec 
(mean 21). Thus, as a group, the homolateral small fibres are faster than the 
contralateral small by about 3 m/sec. The velocity of the foot of the compound 
spike potential averaged from many records in five separate experiments was 
70 m/sec. Taking 8-5 as the axonal diameter of the largest fibre making 
a significant contribution to the fibre-spectrum, and therefore to the action 
potential this gives a factor of 8-2 for converting axon diameter to conduction 
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velocity. This agrees well with the figure of 8-7 given by Gasser & Grundfest 
(1939) for peripheral A fibres. In the fibre spectrum of one optic nerve there 
were no fibres having axonal diameters greater than 8-0 giving, in this case, 
a factor of 8-7 for a velocity of 70 m/sec. These estimations have not taken 
account of shock-response time and the slowing of conduction in the small 
portion of exposed optic nerve so that the figures given for conduction 
velocities are probably somewhat too low. Spread of stimulus was probably 
not a significant factor in these experiments. ; 


Recovery of excitability 

In order to test the fluctuations of excitability of the fibres following a single 
impulse two stimuli were delivered to the tract from the one bipole at varying 
intervals between conditioning and test shock. Because it is possible at any 
position of the bipole to stimulate only a fraction of the total number of fibres 
in the optic tract, it is essential that the second or testing shock be delivered 
via the same electrodes as the first, otherwise the testing shock may activate 
fibres which were not previously stimulated by the conditioning shock. For 
this reason also the second shock must not be of such a strength that on its 
own it would give rise to a spike of larger amplitude than that due to the 
conditioning shock. The stimulus situation in a volume of conducting tissue 
is complex. Thus, for any one stimulus strength above the threshold for a per- 
ceptible response, the fibres in the immediate vicinity of the cathode of the 
bipole can be regarded as being subjected to a stimulus which is well above 
threshold. Gradually merging with, and surrounding this zone, is another in 
which the fibres are receiving a just-threshold stimulus, and farther out again 
the stimulus will be subthreshold. The situation is further complicated by the 
fact that the fibres do not possess uniform excitabilities. For any one stimulus 
strength the zone of effective stimulation will be greater for the larger than 
for the smaller fibres. 

Recovery of excitability can be measured by the variation in amplitude of 
the response to a stimulus of constant strength (Graham & Lorente de N6é, 
1938) because, over the limited range considered, the amplitude of the uncon- 
ditioned response varies linearly with stimulus strength (Fig. 3). Fluctuations 
in excitability were, however, usually expressed as a percentage change in 
amplitude of the testing response when preceded by a conditioning response. 
About 4 sec before each combination of conditioning and test shock a control 
‘test’ response was recorded on its own. In this way allowance was made for 
any variation which might occur in the amplitude of the control ‘test’ 
response. During the whole experiment the tract was stimulated as infrequently 
as possible, the time-base recurrence being once every 4 sec or longer with 
consecutive sweeps being recorded. . 


Absolutely refractory period. The absolutely refractory period was deter- 
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mined in the usual way by progressively decreasing the interval between 
conditioning and test shock (Fig. 4A and B). The second spike is seen to suffer 
@ progressive reduction in velocity and amplitude, the latter being caused 
partly by a reduction in the number of fibres activated and partly by a reduc- 
tion in the amplitude of the individual spikes of the axons which are still 
responding. 


12 


3S 6 70 W 100 
Fig. 3. Variation in height of unconditioned response with strength of stimulus. Ordinate, 


amplitude of response in arbitrary units. Abscissa, amplitude of stimulating pulse in volts 
(duration 50 psec). 


The fibres situated on the periphery of the stimulated zone will fall out of 
the test response first as the interval is decreased; there then follows a pro- 
gressive falling out from the periphery inwards towards the cathode of the 
bipole. The last to fall out are those which have been subjected to a stimulus 
which is well above threshold. Thus the conditioning shock-test shock interval 
at which a test response just ceases to be perceptible may be taken as the 


e absolutely refractory period. In one case (Fig. 4B) the absolutely refractory 


period was measured by orthodromic stimulation of the optic nerve, recording 
the response by means of a microelectrode inserted into the tract. This method 
gave figures comparable to those obtained by the antidromic method, but it 
is less satisfactory because it is difficult to maintain the optic nerve at body 
temperature. With the rectal temperature maintained at a normal level it was 
considered that, using the antidromic method, the temperature at the point 
of stimulation in the optic tract would approximate to normal. 

The above methods indicated that the absolutely refractory period of the 
large fibres ranged from 0-35 to 0-6 msec (mean 0-47 msec) and of the small 
fibres 0-4 to 0-7 msec (mean 0-53 msec). In nearly all cases the period for the 
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small fibres was slightly longer than that for the large. Observations taken at 
the end of an experiment usually did not differ significantly from those taken 
at the beginning, although in some cases a slight lengthening of the absolutely 

period was noted presumably due to previous activity and general 
deterioration of the preparation. In the later preparations the figures tended 
to be lower than those obtained in the earlier ones so that the mean figures 
given above are probably too large. 


Fig. 4. Absolutely refractory period. A, antidromic response—small fibres. B, orthodromic 

response—large fibres. Arrows (A: 6, c, d) indicate shock artifact. A: a and B: a, uncondi- 
tioned test responses alone. A: g, conditioning response alone. A: soomrine g, failure of test 
responses. Time intervals 0-2 msec. 


Relatively refractory period. The relatively refractory period may be esti- 
mated by using a test response which alone has the same amplitude as that of 
the conditioning response, and by measuring the interval between conditioning 
and test shock at which the test response first suffers a reduction in amplitude. 
As pointed out above, the fibres first to leave the test response are those which 
have been provided by a just-threshold stimulus by the conditioning shock as 
well as by the test shock on its own. This method indicates that the relatively 
refractory period extends up to about 6 msec after the conditioning shock. 
Fig. 5 shows the form of the curve of recovery of responsiveness, the response 
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_ teturning to normal at 5:5 msec. When the testing response on its own is 


smaller than the conditioning response supernormality becomes apparent 
after 2-3 msec. This indicates that the relatively refractory period of individual 
fibres in the group varies from less than 2 msec to as much as 6 msec. 


SSBB 


Fig. 5. Ordinate, amplitude of test’response as per- 
centage of unconditioned amplitude. Abscissa, shock interval in milliseconds. 


Fig. 6. Supernormality—small fibres. a, unconditioned tetanus at 230 stimuli per second. 
b, effect of interpolation of conditioning response. c, time intervals, 10 msec. 


Supernormal period. When the test shock is smaller than the conditioning 
shock supernormality cannot lead to an amplitude of test response greater 
than that of the conditioning response. In order to avoid this limiting 
condition in all the investigations into the supernormal and subnormal phases 
of recovery care was taken to use a testing shock of such a strength that the 
supernormal amplitude never reached that of the conditioning response 
amplitude. A phase of supernormality may be clearly demonstrated (Fig. 6) 
by interpolating a conditioning shock among a train of smaller test shocks 
(Gasser & Grundfest, 1936). Supernormality was consistently detected 
following a single conditioning shock (Fig. 7). The increase in amplitude of the 
test response was usually between 10 and 20% of the unconditioned response, 
gradually subsiding to normality at about 40 msec. Three typical curves for 
the later phases of recovery of excitability, both for the large and small fibres, 
are shown in Fig. 7. The end of the supernormal period varied from 20 to 
45 msec (mean 33 msec) for the large fibres and 30-45 msec (mean 40 msec) 
for the small fibres, the curve becoming supernormal in both cases at 2~3 msec. 
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The peak of the supernormality of the large fibres (4-6 msec) usually occurred 
earlier, and was of lower amplitude than that of the smaller fibres (6-7 msec). 

Subnormal period. After the long supernormal period the subnormal phase 
is hard to detect, being usually within the range of variation of the individual 
unconditioned responses. Estimates of its duration must necessarily be some- 
what uncertain, but the end of subnormality ranged from 65 to 90 msec after 
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Fig. 7. Variations in excitability following single conditioning impulse. Typical cycles showing 
variation in amplitude of test response of large fibres (a~c) and small fibres (d-/). Ordinate, 
amplitude of test response as percentage of unconditioned amplitude. Abscissa, shock 
interval in milliseconds. 
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Fig. 8. Recovery cycle of optic nerve fibres following tetanic stimulation—small fibres. The upper- 
most curve, following a single conditioning response, the lower ones following 7 and 20 
stimuli respectively at 250 stimuli per second. Ordinate, amplitude of test response as per- 
centage of unconditioned amplitude. Abscissa, shock interval in milliseconds. 


the stimulus artifact. Subnormality is well demonstrated by conditioning the 
fibres with a train of impulses (Fig. 8). Following tetanic stimulation the curve 
of recovery is characterized by a reduction in absolute supernormality and by 
increased subnormality. The tendency to supernormality in the early part of 
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the recovery cycle always remained with the stimulation frequencies used, and 
even with bursts of twenty stimuli at 250/sec absolute supernormality of the 
small fibres still prevailed (Fig. 8). In the case of the large fibres with a burst 
of 20/250 the tendency to supernormality is still marked, but the response 
remains subnormal throughout the recovery cycle. Such a conditioning train 
of stimuli causes the later part of the recovery cycle of the small fibres to 
display a deeply augmented phase of subnormality (Fig. 8), but in the case of 
the large fibres this augmentation of subnormality, although present, is not 
nearly so marked. 


Fig. 9. Negative and positive after-potentials—small fibres. Time intervals: 
b, 0-5 msec; d, 2-0 msec; f, 5 msec; h, 5 msec. 


After-potentials 

Because the small fibres are always stimulated to some extent the after- 
potentials associated with the large fibres could not be satisfactorily recorded. 
In the case of the small fibres, however, a monophasic action potential may 
be obtained which is always characterized by a well-marked negative after- 
potential (Fig. 9a, c). 

The positive after-potential which follows is, however, of small amplitude 
and requires high amplification to be demonstrated (Fig. 9e). The positive 
after-potential is more easily seen when two or more suitably timed impulses 
are superimposed (Fig. 9g). The amplitude of the negative after-potential 
measured at the point where the slope in the decline of the action potential 
begins sharply to decrease was about 10%, of the spike height after some 2 cm 
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of conduction. The actual percentage would be less because temporal dis- 
persion reduces the spike height without greatly altering the amplitude of the | 
after-potentials. The duration of the negative after-potential may be measured \ 
in suitable cases and is of the same order (30-40 msec) as the duration of the 
supernormal period. The duration of the negative after-potential shown in 
Fig. 9c is 32.msec. No rising phase was ever observed nor did rhythmic 
after-potentials occur. 


Fig. 10. Fig. 11. ; 


Fig. 10. Modification of after-potentials by tetanic stimulation—small fibres. a, 480 stimuli 
per sec; 6; 1000 stimuli per sec, c, time intervals 10 msec; d, 1100 stimuli per sec; e, time 
intervals 2-0 msec; f, 800 stimuli per sec; g, time intervals 50 msec; h, 1100 stimuli per sec; 
4, time intervals 50 msec. 
Fig. 11. Latent addition, a, b, just subthreshold orthodromic stimuli; d, e, f, latent addition; 
g, time intervals 0-2 msec. 


Tetanic stimulation. Modification of the after-potential sequence by tetanic 
stimulation of high frequency resulted in summation of the negative after- 
potentials during the tetanus with an immediate overswing to positivity at 
the cessation of stimulation (Fig. 10). ‘Staircasing’ of the negative after- 
potentials (Fig. 10d) and augmentation of the afterpositivity (Fig. 10h) becomes 
marked only after a relatively long tetanus at fairly high frequency. Reversion [ 
to negativity or rhythmicity of after-potentials was not observed. That the 
negative after-potential process remained during the augmented positivity is 
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- evident from an examination of the curve of recovery of excitability following 
| bursts of stimuli (Fig. 8). 

{ _.. The period of latent addition for the large fibres was tested by using two 
just subthreshold shocks delivered to the optic nerve and observing the optic 
tract response. It was found to be of the same order (0-13 msec) as that for 
A and B peripheral fibres (0-2 msec; Gasser & Grundfest, 1936; Grundfest, 
1939). A typical experiment for its determination is illustrated in Fig. 11. 

The properties of the two groups of fibres may now be summarized, and this 
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f is done in Table 1. 
TaBLE 1. Properties of two groups of optic nerve fibres 
Function Units Large fibres Small fibres 
Axonal diameter (all myelinated) m 3-8-5 (4-5) 1-2 (1-5) 
Peak conduction velocity (crossed fibres) m/sec 30-40 (34) 15-20 (18) 
Peak conduction velocity (uncrossed fibres) m/sec — 17-23 (21) 

? Absolutely refractory period msec 0-35-0-6 (0-47) 0-4-0-7 (0-53) 
Relatively refractory period msec <2-4 <2-6 
Duration of supernormal period msec 18-43 (31) 28-43 (38) 
Negative after-potential 

Duration 
Period of latent addition msec 0-13 _ 
DISCUSSION 


Although it has long been recognized that the fibres in the optic nerve are of 
graded size, data such as the fibre-calibre spectrum of the nerve as a whole 
and of its crossed and uncrossed components, the number of fibres of each size 
that cross in the chiasm and the spatial distribution of the fibre groups in the 
various parts of the pathway are almost entirely lacking from the literature. 
The only systematic account of the range and frequency of fibre sizes appears 
) to be Chacko’s (1948) analysis of the human optic nerve. Many investigators, 
li including particularly Arey and his collaborators, have made total fibre counts 
- of the optic nerves of various animals. The finding of Bruesch & Arey (1942), 

that there were no unmyelinated fibres in the cat’s optic nerve, is confirmed 

in the present investigation by the absence of any potential wave which could 
_ be attributed to such slowly conducting fibres. Furthermore, counts in this 
f _ laboratory have shown that the number of ganglion cells in the retina closely 
approximates to the number of fibres in the optic nerve that may be stained 
with osmium tetroxide. The early study by G. H. Bishop (1933) showed that, 
on the basis of conduction velocity and threshold for electrical stimulation, 
the frog optic nerve contains three main groups of fibres. His experiments on 
the rabbit optic nerve were less satisfactory, but antidromic activation of the 
crossed pathways revealed two groups similar to the first two of the frog and 
_ probably a third whose identification was less certain. Although many 
_ references to possible fibre groups in the optic nerve have been made since 
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then, there has been no systematic attempt to confirm or extend these original 
observations. As far as the cat is concerned rather divergent views have been 
held by different investigators and by the same investigator at different times 
(e.g. G. H. Bishop & O’Leary, 1938, 1940, 1942; Chang, 1952). Chang’s recent 
support for a trichromatic theory of colour vision (Chang, 1951) is based on 
a triple conducting pathway from the retina. 

In the present study no evidence has been obtained for the presence of more 
than two groups of fibres in either of the two components, crossed and 
uncrossed, of the optic nerve of the cat. The two waves of the compound spike 
potentials of the crossed and uncrossed fibres are, however, different in respect 
to amplitude and conduction velocity. Even after allowance is made for a 
probable increase in conduction distance for the crossed fibres at the chiasm 
they still remain significantly slower, group for group, than the uncrossed fibres. 
Investigations are at present in progress to determine whether the fibre-size 
spectra of the two components of the nerve show corresponding differences. 
The presence of such a difference gains support from the fact that the fibre-size 
spectra of the nerve as a whole that have been carried out in this laboratory 
have not shown the clear evidence for fibre grouping that might be suspected 
from the action-potential studies. This finding is, however, to be expected if 
the potential waves of the one side fall partly in the troughs of the other. 
This difference between the crossed and uncrossed fibres is rather surprising 
because, except for numbers, the two pathways are generally assumed to be 
essentially the same. It is possibly related to the asymmetrical arrangement 
of the fibres in the retina due to the fact that the area centralis is lateral to the 
fundus. This would provide a relatively shorter retinal path for the fibres 
destined to cross in the chiasm. Compensation for this asymmetry might then 
be provided partly by the increased conduction distance at the chiasm and 
partly by the alteration in the fibre-size spectrum suggested above. 

The meaning of the pattern of fibre groupings in peripheral nerve is still 
obscure (Gasser, 1950). As far as the visual system is concerned fibres from 
both groups synapse in the lateral geniculate body (Bishop & McLeod, to be 
published), and work in progress in this laboratory indicates that they are also 
distributed to the superior colliculus and pretectal regions. It is probable, 
therefore, that neither group is wholly responsible for either the reflex aspects 
of visual function or those aspects such as pattern discrimination (object 
vision) which in the cat and higher forms depend almost entirely on the 
occipital cortex. The present investigation has provided no evidence for the 
triple nervous pathway which might be used to support the trichromatic 
theory of colour vision (Chang, 1951). 

The time relations of the curve of recovery of excitability following a single 
shock for peripheral mammalian A fibres tested in situ (Gasser & Grundfest, 
1936; Graham & Lorente de Né, 1938; cf. also Grundfest, 1952) are very 
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similar to those reported here. The after-potentials have been found to be in 
keeping with the excitability curve. All the fibres in the optic nerve must 
therefore be classified among the A group. This demonstration implies that 
the fibres in the central nervous system have the same properties of conduction 
and recovery as do peripheral nerve fibres. 

Gasser & Grundfest (1939) found that the delta fibres have an absolutely 
refractory period of 0-6-0-7 msec in the cat despite the fact that the spike 
duration appeared to- remain constant at 0-40-45 msec. This increase in 
absolutely refractory period for the smallest fibres of the A group is confirmed 
by the present study and by the previous study in the pyramidal tract (Bishop, 
Jeremy & Lance, 1953). Unfortunately, no information is available about the 
spike duration of individual fibres in the optic nerve, although attempts at the 
reconstruction of the compound spike potential suggest a slightly longer 
duration for the smaller fibres. 

The excitability curves of isolated peripheral nerve are characterized by 
a greater negative after-potential and therefore supernormal period than the 
same nerves tested im situ (Gasser & Grundfest, 1936). It is somewhat sur- 
prising, therefore, that the supernormal period for optic nerve fibres is both 
greater in degree and lasts longer than the corresponding phase for isolated 
peripheral A fibres. The negative after-potential is also of correspondingly 
longer duration and probably somewhat greater in amplitude. By contrast, 
the subnormal phase is frequently hard to detect and is of relatively short 
duration. These observations are supported by the fact that residual super- 
normality occurs following a brief tetanus (Fig. 8), since supernormality after 
a conditioning tetanus never remains in peripheral nerve following stimulation 
frequencies used in these observations (Gasser, 1935; Gasser & Grundfest, 
1936; Graham & Lorente de Né, 1938). Lloyd (1951) has studied the after- 
potentials, after-currents and recovery of excitability of the intra- and extra- 
medullary axons of spinal motoneurones. Comparing the intramedullary 
axon cycle with that for the extramedullary axon the rate of transition 
from refractoriness to maximum supernormality is higher, the peak being 
reached in 2~4 msec, whereas the peak of enhancement of extramedullary 
axons occurs at 7-8 msec. Transition from supernormality to subnormality 
again is earlier, being at 10-12 msec, rather than 30-40 msec. At about 
40 msec and onwards the subnormality of intramedullary axons is relatively 
less and of somewhat shorter duration. The recovery cycle of the smaller fibres 
in the optic nerve is almost identical with that of the extramedullary axons 
of spinal motoneurones. Lloyd attributes the differences he found between the 
two portions of the axon to aftercurrents associated with the cell body, but in 
view of the differences found in the present study between the large and small 
fibres under constant environmental conditions fibre diameter as a factor must 
be considered. 


4 
¥ 
» 
J 
‘ 


430 =P. O. BISHOP, D. JEREMY AND J. W. LANCE 


Graham & Lorente de Né (1938) regarded their excitability curve of type D, 
which resembles so much those obtained in this series, as abnormal. In 
a similar manner they regarded the excitability curve in one cat preparation 
which retained an absolute supernormality during recovery from a tetanus as 
abnormal. Although the present experiments were carried out under conditions 
as closely approximating to normal as possible the stimulating bipole must 
have occasioned some damage to the fibres in the optic tract. Flows of 
demarcation current associated with this injury may have played some part 
in enhancing excitability. Despite this the excitability curve is strikingly 
similar to that for the extramedullary axons which Lloyd regarded as more 
characteristic than the intramedullary curve. Post-tetanic potentiation of 
supernormality (Amberson, Parpart & Sanders, 1931; Graham & Lorente 
de Né, 1938; Lloyd, 1949) cannot be a factor because the curve was of the 
same form at the commencement of the experiment after no more than the 
stimuli needed to determine the excitability cycle. The degree of super- 
normality found in this series is therefore probably a normal property of optic 
nerve fibres. 

SUMMARY 

1, All the fibres of the optic nerve of the cat are myelinated and range in 
axonal diameter from 1 to 8-5 with very occasional larger fibres (<0-15%). 

2. Antidromic activation of the optic nerve by means of bipolar needle 
electrodes inserted into the optic tract demonstrates a segregation of fibres 
according to size in the tract, the smaller fibres being situated uppermost. This 
segregation is also clearly seen in histological preparations. 

3. The monophasic action potentials of both the homolateral and contra- 
lateral optic nerves following stimulation of an optic tract display two peaks. 
Despite a correction for the possible increase in conduction distance caused 
by the chiasm the peak conduction velocities of the homolateral response 
remain significantly faster than those for the contralateral nerve. The peak 
conduction velocity of the homolateral small fibre group is about 3 m/sec 
faster than the corresponding contralateral group. 

4. The ratio of conduction velocity (m/sec) to axonal diameter (,.) for the 
largest fibres is 8-2. 

5. The curve of recovery of excitability following activation for both the 
large and the small fibres shows a well-marked phase of supernormality 
followed by a shallow phase of subnormality. Supernormal excitability 
remained for 30-40 msec, following the spike potential. Tetanic stimulation 
caused the recovery cycle to display deeply augmented subnormality but 
a tendency to supernormality always remained in the early part of the recovery 
cycle with the stimulation frequencies used. . 

6. The monophasic action potentials display well-marked negative after- 
potentials with durations comparable to the phase of supernormal excitability. 
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The positive after-potential which follows is of relatively small amplitude. 
Tetanic stimulation leads to summation of negative after-potentials with 
augmentation of the positive after-potential at the cessation of stimulation. 
7. The periods of absolute and relative refractoriness suggest that these 
fibres have a spike duration similar to that of peripheral A fibres. The absolutely 
refractory period of the small fibres is longer than that of the larger fibres. 
8. Except for the duration of the supernormal period in the recovery of 
excitability following stimulation, all the properties studied of the optic nerve 
fibres are similar to those which are characteristic of peripheral A fibres. 


The authors wish to thank Mr D. Glenn and Mr R. Gye who assisted with the early experiments, 
and to acknowledge the helpful criticism of their colleagues in the Brain Research Unit. Able 
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GASTRIC SECRETION INDUCED BY HISTAMINE AND ITS 
- RELATIONSHIP TO THE RATE OF BLOOD FLOW 


By J. E. THOMPSON ann J. R. VANE 
From the Nuffield Institute for Medical Research, University of Oxford 


(Received 10 December 1952) 


Few attempts have been made to study the mechanism of gastric secretion by 
perfusion techniques. Lim and his co-workers connected the artery and vein 
of the isolated stomach of one dog with a carotid artery and jugular vein of 
a second dog, which had a Heidenhain pouch (Lim, Necheles & Ni, 1927; 
Lim, Necheles & Hou, 1927; Lim, Hou & Ni, 1928; Lim, Ni, Necheles & Chang, 
1929). Apart from these experiments, the secretory function of the stomach 
has always been studied in the whole animal, in pouches of the whole or a part 
of the stomach (either in situ or transplanted to another part of the body), or 
in the isolated mucosa. Several authors have measured or calculated the rate 
of blood flow through the stomach (Burton-Opitz, 1910; Lim, Necheles & Ni, 
1927; Boenheim, 1930a, 6; Herrick, Essex, Mann & Baldes, 1934; Hanke, 
1937 ; Cutting, Dodds, Noble & Williams, 1937a, 5). Of these, only Boenheim 
and Cutting et al. examined the effect of changing the rate of blood flow to the 
stomach upon the gastric secretion. They measured the venous outflow by 
diverting the blood into a calibrated pipette or cylinder. Cutting et al. showed 
that a histamine-induced gastric secretion could be influenced by changes in 
blood flow and suggested that the action of pituitrin, which reduced the rate 
of secretion, was mainly due to its vasoconstrictor properties. 

The work to be described was started in an attempt to investigate the 
relationship, if any, between rate of blood flow and gastric secretion. 


METHODS 


The Type I perfusion apparatus described in a previous paper (Vane, 1953) was used. The apparatus 
was designed to perfuse the stomach and measure the rate of arterial inflow. 

Cats weighing 2-5-4-0 kg were anaesthetized with chloralose (70 mg/kg). The stomach was 
perfused. through the coeliac axis, all branches of which were tied except those supplying the 
stomach. The greater omentum and spleen were removed, the vessels being tied as close to the 
hilum as possible, to preserve the vasa brevia. The tail of the pancreas was removed. A ligature 
was tied round the duodenum and the head of the pancreas, occluding the gastro-duodenal artery. 
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gauze pads to expose the coeliac axis and the superior mesenteric artery. The coeliac axis wa: 
dissected free of the surrounding tissue, care being taken to avoid damage to the many nerve 
trunks emerging from the coeliac ganglion. A small incision was made through the left flank of the 
cat so that the perfusion cannula could lie in a convenient position. The incision was threaded with 
a piece of rubber tubing which later acted as a guide for the cannula. A wide glass tube was tie: 
into the posterior wall of the pyloric end of the stomach from which the secretions could be collected. 
The oesophagus was tied in the neck. All bleeding points were either tied or cauterized. Ten to 
twenty minutes after the end of the dissection, when oozing had stopped, heparin (10 mg/kg) was 
given intravenously. The arteries supplying the pump circuit (a common carotid and a brachial 
artery) were cannulated. The pump circuit (capacity 20-25 ml.) was filled with dextran. The 
coelic axis was cannulated and the perfusion started, using a p about the same as the systemic 
arterial blood pressure. The hepatic artery was then tied. The complete dissection usually took 
35-60 min and made very little difference to the blood pressure of the cat. 

In some experiments, the aorta was connected directly to the coeliac axis by a coil of polythene 
tubing, and the rate of blood flow was measured by a bubble flowmeter (Soskin, Priest & Schultz, 
1934). 

Histamine solutions 10-40 ug/ml. (as base) were infused either intravenously or intra-arterially 
from a motor-driven syringe. The piston of the syringe was leakproof up to a pressure of 1000 mm Hg 
and was driven by a velodyne motor (Williams & Uttley, 1946) the speed of which could be changed 
to deliver a constant output of from 0-1 to 7-0 ml./min. 5 

The gastric juice was collected in 10 ml. measuring cylinders held on a circular stand which was 
rotated automatically once every 10 min. The pH of the juice was measured with a direct reading 
pH meter. Chloride concentrations were measured by the method of Wilson & Ball (1928) and 
later by using dichlorofluorescein as an adsorption indicator (Treadwell & Hall, 1943). 


RESULTS 

To stimulate gastric secretion, histamine was infused into the perfusion circuit 
(intra-arterially) at a rate of 15 ug histamine base/min. This infusion always 
caused an increase in blood flow to the stomach, as illustrated in Fig. 1. In 
these first experiments, the gastric secretion in response to intra-arterial 
histamine was of low acidity (pH 3-7) and sometimes the juice became 
blood-stained, indicating damage to the mucosa. It was found that the acid 
gastric secretion, in response to intravenous or intra-arterial histamine 
(15 ug/min) in the anaesthetized cat, was unaffected by: 

(a) Tying either the carotid and brachial arteries or the aorta (3 cats). 

(6) Tying the hepatic artery and carrying out the complete dissection as 
for perfusion (5 cats). 

(c) The injection of heparin or dextran solution (5 cats). 

(d) The perfusion of the hind legs by the pump: this showed that circulation 
of blood through the pump circuit had no detrimental effect (3 cats). 

The blood pressure was recorded from a cannula tied into the brachial 
artery. The cannula contained thiosulphate solution (20%) as an anti- 
coagulant. Some thiosulphate may have diffused into the general circulation, 
especially when the blood pressure fell. To test the effect of thiosulphate, 
0-5-1-0 ml. of a 20% solution was injected intravenously into three cats. The 
acid secretion decreased from an average of 4-0 ml./10 min to less than 
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1-0 ml./10 min, and the secretion became stained with blood, showing that 
the mucosa was damaged. Thiosulphate was used no more, and in subsequent 
experiments the blood pressure cannula and tubing were filled with heparinized 
saline. Yet the acidity of the secretion of the perfused stomach in response to 
intra-arterial infusion of histamine was still abnormally low. It was not until 
much later that a possible explanation of this phenomenon occurred to us, 


Fig. 1. Effect of histamine on gastric blood flow in the cat. Upper record: rate of gastric blood 
flow. Middle record: perfusion pressure. Lower record: general blood pressure. Time marker, 
10 sec. At the signal, an infusion of histamine (15yg/min) into the perfusion cannula was 
started. The rate of blood flow through the stomach increased from 33 to 60-70 ml./min. 


which will be discussed hereafter. Meanwhile, a number of observations had 
been made on the effect of altering the rate of blood flow on the volume of 
secretion. 

As soon as the rate of secretion had been constant for 20-30 min the stroke 
volume of the pump was changed; this altered both the rate of blood flow and 
the perfusion pressure. The resultant changes in the rate of secretion were 
slow in onset and one 10 min period was never sufficient to show a definite 
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alteration. Sometimes two, and more often three or four, 10 min samples had 
to be collected before the change in secretion rate became obvious. As the 
perfusions lasted 2-4 hr, it was usually only possible to determine the rate of 
secretion at 2-4 different rates of blood flow in each cat, and because of the 
large variations from cat to cat it was impossible to combine directly the results 
of different experiments. Similarly, because the rate of secretion was only 
determined at two to four different rates of blood flow in any one experiment 
it was difficult to determine the quantitative relationship between the two 
variables. 

However, in twenty-two cats, an increase of blood flow always led to an 
increase in the rate of secretion; a decrease in blood flow was always followed 
by a decrease in the rate of secretion. As the histamine was infused into the 
perfusion circuit (intra-arterially) at a constant rate (15 g/min) the blood 
concentration of histamine could be assumed to decrease with an increase in 
flow of blood. 

Fisher & Hunt (1950) and Hunt (1950) developed a formula for determining 
the composition of gastric juice. It depended upon the assumptions: 

(a) That the parietal component was secreted with constant concentrations 
of H+ 160, K+ 10 and Cl- 170 m.equiv/l. 

(6) That the non-parietal component was secreted with constant concentra- 
tions of HCO,~ 45, Cl- 125 and Na* 170 m.equiv/l. 

If these assumptions are made, then the acid component (P) is given by the 
formula 

P=4-521 A + 1-6280C, 


and the alkaline component (N) by the formula 
N =5-788C —6-147 A, 


where A and C are the total m.equiv of hydrogen ion and chloride ion secreted 
in the given volume (V). These formulae (developed for man) were applied to 
the six cat experiments in which the chloride concentrations were measured as 
well as the pH. In all the observations (over thirty test periods) the sum of 
P+WN agreed with the total volume of juice collected to within 10%. This 
was regarded as a sufficiently good correlation to justify the use of the formulae 
for these experiments. 
_ By eliminating the term C from the above equations an expression was 
derived for estimating P when only the volume and acidity of the juice were 
known P=V(0-219 +4-88{H*}), 


where V is the total volume of juice collected in any one period, and [H+] the 
concentration of hydrogen ion in m.equiv/ml. 

By using this expression, the secretions for which the Cl concentration was 
not measured were also divided into two parts, parietal and non-parietal. 
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Fig. 2 shows the results of an experiment. It can be seen that although the 
amount of histamine reaching the stomach per minute was constant, the 
secretory rate was influenced considerably by changes in the blood flow. 
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Gastric blood flow (mi./min) 

Fig. 2. Effect of changes in blood flow on gastric secretion. Cat (3-3 kg): perfused stomach. 
Histamine (15yg/min) infused into the perfusion circuit. The secretion was divided into 
‘parietal’ (P) and ‘non-parietal’ (N) components by the formulae of Fisher & Hunt (1950). 
The blood flow was changed by alternately increasing and decreasing the stroke of the pump. 
With each increase in flow, the rate of secretion of both components increased: with each 
decrease in flow, the rate of secretion decreased. The rates of secretion were plotted against 
the average rates of blood flow: it can be seen that the slopes of the two lines are different. 


The results shown in Fig. 2 are typical of all twenty-two experiments in the 
following respects. 

(a) An increase of blood flow caused an increase in secretion and a decrease 
of blood flow caused a decrease in secretion. 

(6) When the blood flow was plotted against the volume of secretion, the 
alkaline (non-parietal) component always gave a line of greater slope than 
the parietal component. 

(c) The non-parietal component was almost always secreted in greater 
quantities than the parietal component, and the pH of the juice lay between 
pH 2 and 7. 

This secretion of juice of low acidity seemed to be associated with perfusions 
with Type I machine, as the non-perfused stomach and stomachs perfused 
with Type II machine gave a juice of much higher acidity. 
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Action of adrenaline and sympathetic stimulation 

From the experiments just described it was obvious that the blood con- 
centration of histamine was by no means the only factor determining the rate 
of gastric secretion. The rate of blood flow was also important. Thus it might 
be expected that adrenaline, which constricts the gastric vessels, would 
reduce the rate of histamine-induced secretion, and that stimulation of the 
sympathetic supply to the stomach would have the same effect. 

To examine these hypotheses, histamine (15 g/min) was infused intra- 
venously into cats, and when the rate of secretion was constant adrenaline 
(10 g/min) was also infused intravenously. In five cats, the infusion of 
adrenaline reduced the secretion of acid juice from an average of 2:8 ml./10 min 
to an average of 1-2 ml./10 min. In a sixth cat, however, the rate of secretion 
was doubled by the infusion of adrenaline. 

When the stomach was perfused by the cat’s own heart through an external 
circuit consisting of a coil of polythene tube which was used as a bubble 
flowmeter, it was found that intravenous infusions of adrenaline affected the 
blood flow to the stomach in two ways: (a) infusions at low rates (2 ug/min) 
usually increased the rate of blood flow; (b) infusions at higher rates (10 »g/min) 
usually decreased the rate of blood flow. It must be remembered that adrenaline, 
administered intravenously, raises the arterial blood pressure and at the same 
time increases the vascular resistance of the stomach. Its effect on the rate 
of gastric flow will therefore vary according to the relative preponderance of 
one or other of these two actions. And hence the effect of adrenaline upon 
histamine-induced gastric secretion could be explained entirely by its effect 
upon gastric blood flow. 

In two cats, the main left splanchnic nerve, and in eight cats, the left coeliac 
ganglion were stimulated with square wave current pulses at a frequency of 
25 per sec, a duration of 2-0 msec, and a strength of 0-5-1-0 mA. The rate of 
histamine-induced gastric secretion was decreased from an average of 
3-5 ml./10 min to an average of 1-8 ml./10 min, the pH in any one experiment 
remaining constant (pH 0-9-1-2). 

In three of these experiments the rate of blood flow was measured by 
a bubble flowmeter, and it was found that the fall in the rate of secretion was 
accompanied by a fall in the rate of blood flow. The results of a typical experi- 
ment are shown in Fig. 3. 

To summarize: 

(1) In seven cats, infusions of adrenaline significantly decreased the rate of 
histamine-induced gastric secretion; in the two cats where it was measured, 
the blood flow was also reduced by the adrenaline infusion. 

(2) In two cats, adrenaline increased the rate of secretion; in one of these 
the blood flow to the stomach was increased, in the other it was not measured. 
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(3) In ten cats, stimulation of the left coeliac ganglion or splanchnic nerve 
reduced the rate of histamine-induced gastric secretion; in the three cats in 
which it was measured the blood flow was reduced at the same time. 

These experiments provide further evidence that the rate of secretion is 
affected by the rate of blood flow to the stomach. 
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Fig. 3. Effect of stimulation of the sympathetic upon blood flow and secretion. Cat (3-0 kg) with 
the stomach receiving blood from the aorta through a bubble flowmeter. When secretion was 
steady in response to histamine (15,g/min 1.v.) the left coeliac ganglion (L.c.c.) was stimu- 
lated. The rate of blood flow and rate of secretion of acid were reduced. When the stimulation 
was stopped rate of blood flow and secretion both increased again. 


Intra-arterval histamine 
In the perfusion experiments already described, using Type I apparatus, 
histamine had to be infused intra-arterially at the rate which had been used 
to produce submaximal secretion by intravenous infusion (Wood, 19484; 
Burn & Vane, 1948). It would have been expected that if an intravenous 
infusion of 15g histamine/min gave a good rate of secretion, one-tenth to 
one-twentieth of this dose would have been sufficient when infused directly 
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into the arterial supply to the stomach. The relationship between the intra- 
venous and intra-arterial dose had not been investigated in the same animal ; 
experiments were therefore made to discover what this relationship was. The 
stomach was perfused by the cat’s own heart through a coil of polythene tubing 
which connected the lower abdominal aorta with the coeliac axis. The external 
circuit was used as a bubble flowmeter and contained 3-7 ml. blood. 

In the first experiments, the rate of secretion obtained with histamine 
15 »g/min intravenously was compared with that obtained with 0-1-5 »g/min 
intra-arterially. Whereas, in all experiments, histamine 15 »g/min intravenously 
produced between 1-0 and 4-0 ml./min, intra-arterial infusion of histamine 
0-1-5 g/min into the coeliac cannula gave little or no acid secretion. It was 
then found that as much histamine had to be infused directly into the gastric 
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Fig. 4. Comparison of intravenous with intra-arterial histamine. Cat (3-3 kg): the arterial supply 
to the stomach was attached by a plastic tube to the lower end of the aorta. Histamine 
(16 4g/min 1.v.) caused an acid secretion of 1 ml./10 min; when 3.g/min was infused intra- 


arterially into the coeliac axis the secretion fell to less than 0-1 ml./10 min. With 16 ug/min 1.v. 


PO cies of secretion again increased to 1-3 ml./10 min; 16ug/min 1.4. gave the same rate. 


arteries as was infused intravenously to give the same secretion. Fig. 4 shows 
a typical experiment in which the intra-arterial infusion rate had to be 
increased to 16 4g/min to give the same rate of acid secretion as on intravenous 
infusion of this quantity. This type of result was obtained in all of the eighteen 
cats in which the comparison was made between infusions intravenously and 
intra-arterially. Table 1 is a summary of these observations. The difference in 
the secretory rates produced by histamine 15 g/min intravenously, and 
3-5 wg/min intra-arterially is highly significant. 

A possible explanation of these results was that an inhibiting substance was 
present in the histamine solution. Such a substance might have a greater 
effect during intra-arterial infusion than during intravenous infusion because 
it would reach the stomach in higher concentration. It:might be present in 
the saline solution used to dissolve this histamine or in the infusion pump. That 
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no such material was present was shown by infusing a saline solution intra- 

arterially from the infusion pump during an intravenous infusion of histamine. 

In three experiments, no decrease in secretion was observed during the saline 

infusion. 

Tasie 1. Summary of results obtained from eighteen cats in which the secretion caused by 
different infusion rates of histamine intravenously and intra-arterially were compared 


Average rate 
Histamine of secretion No. of 
(ug/min) (ml./10 min) observations 8.E. 
2%. 1-9 26 +0-48 
20-30 1.v. 2-2 6 +0-47 
35 La. 0-26 x +0-084 
0-63 3 
16 OLA. 1-5 14 +0-25 
20-30 La. 1-4 8 +0-46 
DISCUSSION 


Increasing the rate of blood flow to the stomach during a constant intra- 
arterial infusion of histamine increased the rate of both acid and non-parietal 
secretions. This effect was related more to the change in blood flow than to the 
change in perfusion pressure, for in some experiments when the stroke volume 
was increased the blood flow and secretion doubled with less than 30° increase 
in perfusion pressure; in others, the perfusion pressure greatly increased with 
only small changes in blood flow and secretion. 

The juice usually contained a high proportion of non-parietal secretion. 
Furthermore, the non-parietal component was affected more by changes in 
blood flow than was the parietal component. The secretion of large amounts 
of non-parietal juice in the anaesthetized cat was abnormal. When the stomachs 
of cats were not perfused the secretion in response to intravenous histamine 
was almost entirely of parietal origin (pH < 1-0). In the perfusion experiments 
the acidity of the juice varied between pH 2 and 7, which meant that only one- 
quarter or less of the total volume of juice was secreted by the parietal cells. 

The reason for this high secretion of non-parietal juice was difficult to dis- 
cover. A series of control experiments was made in an attempt to eliminate 
any damaging procedures. Intravenous thiosulphate inhibited secretion, but 
when the thiosulphate in the manometric system was replaced by saline, the 
secretion still contained a large proportion of non-parietal component and 
occasionally became blood-stained. In other perfusion experiments with an 
improved system and in experiments where the stomach was perfused by the 
cat’s heart, without the inclusion of an external pump, the juice secreted in 
response to histamine was similar to that in the non-perfused stomach, 
i.e. high acidity (pH <1-0) with very little non-parietal secretion. The only 
obvious difference between the perfusions with Type I machine where the pH 
of the juice was high and all the other kinds of experiment where the pH of the 
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juice was low was the pulse pressure of the perfusion. When measured with 
condenser manometers, the pulse pressure was found to be two or three times 
as high as the normal for an anaesthetized cat during perfusions with Type | 
machine. It is possible, therefore, that the abnormal pulse pressure during 
these perfusions led to the abnormal rates of non-parietal secretion and to 
damage to the mucosa, shown by the appearance of blood in the juice. In these 
experiments the ‘non-parietal’ secretion may have been in part a transudate 
and theinterpretation of these results should be accepted with some reservation. 

The next series of experiments, in which adrenaline and sympathetic stimu- 
lation caused a simultaneous reduction of blood flow and of gastric acid 
secretion were performed in cats without the use of perfusion apparatus. The 
secretion was always of a low pH, and the conclusion that the rate of gastric 
blood flow and of acid secretion are directly related cannot be criticized 
because of the abnormal character of the secretion. 

The effect of adrenaline upon the blood flow depended upon the balance 
existing between the increased blood pressure and the increased vascular 
resistance. Infusions of adrenaline at low rates usually increased the blood 
flow to the stomach, infusions at higher rates decreased the blood flow. It is 
possible that adrenaline affects the secretory response of the stomach to 
histamine only by its effect upon the rate of blood flow. Hess & Gundlach 
(1920), Moll & Flint (1928), Ivy & Javois (1925) and Boenheim (1930a) found 
that gastric secretion was inhibited by adrenaline, whereas Yukawa (1908), 
Lim (1923), Ivy & MclIlivain (1923), Sirotinin (1924) and Parrot & Verliac 
(1941a, 5) all found that adrenaline caused a slight secretion. Linde (1950) 
could not inhibit histamine-induced secretion with adrenaline. Baxter 
(19344, b) found that large doses of adrenaline (50-100 .g/5 min intravenously) 
first reduced and then increased secretion. Although some of these workers 
did not use histamine to stimulate secretion the differences between their 
results might be explained by the dual effect of adrenaline upon the blood flow 
to the non-perfused stomach. 

Very little work on the stimulation of the sympathetic supply to the stomach 
can be found in the literature. Bickel (1925) thought that the sympathetic 
nervous system inhibited secretion in the stomach, whereas Baxter (1934a, b) 
obtained an alkaline mucoid secretion upon stimulation of the splanchnic 
nerves in dogs and cats: it was, however, very small (an increase in secretion 
from 0-8 to 3-5 ml./hr in a dog). Stimulation of the sympathetic supply to the 
stomach in the present experiments decreased the histamine-induced secretion 
in the cat, and decreased the rate of blood flow. 

All these observations support the hypothesis that the secretion of juice by 
the stomach can be influenced to a large extent by changes in the rate of 
blood flow. Cutting et al. (1937a, b) suggested that the effect of pituitrin 
which decreased secretion might be due to its action upon the blood flow. It 
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is possible that other drugs also affect secretion by their vascular actions. 
Grossman, Roth & Ivy (1945) showed that caffeine caused a copious gastric 
secretion in experimental animals and also that its action was synergistic with 
that of histamine. Wood (19486) showed that, in the cat, doses of caffeine, 
which by themselves had no secretory action, potentiated the secretory effects 
of histamine. Such a potentiation could be produced by an increase in the 
flow of blood to the stomach. 

In order to find out whether the arterial infusion of histamine during the 
perfusion experiments was excessive, a series of comparisons was made between 
the secretions obtained during intravenous and intra-arterial infusions of 
histamine. In all the cats, an intravenous infusion of histamine (15 ug/min) 
gave a good secretion. To obtain an equivalent rate of secretion during an 
intra-arterial infusion, the histamine had to be infused at about the same rate. 
The blood flow to the stomach during these experiments was between 20 and 
40 ml./min so that an infusion of histamine (15 g/min) intra-arterially would 
give a concentration of between 30 and 70 g/100 ml. blood. If the secretion 
depended upon the concentration of histamine in the blood reaching the 
stomach the histamine concentration would also have to build up to 
30-70 ~g/100 ml. blood during an intravenous infusion. Measurements of the 
concentrations actually encountered have been made in another paper (Born 
& Vane, 1953). | 

SUMMARY 

1. Simultaneous measurements of rate of blood flow and rate of secretion 
were made in the perfused stomach during the intra-arterial infusion of 
histamine. It was found that the rate of secretion could be directly influenced 
by changing the rate of blood flow. 

2. The effects of adrenaline and sympathetic stimulation may be explained 
by their action on the rate of blood flow. 

3. To obtain comparable rates of secretion, hiceasien had to be infused at 
the same rate intra-arterially as intravenously. 


Our thanks are due to Dr G. 8. Dawes for many helpful discussions throughout this work. One 
of us (J. R. Vane) was in receipt of a grant from the Medical Research Council. 
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GASTRIC SECRETION INDUCED BY HISTAMINE 


By G. V. R. BORN anv J. R. VANE 
From the Nuffield Institute for Medical Research, University of Oxford 


(Received 17 January 1953) 


The vessels of the stomach receive only a small fraction of the cardiac output. 
If histamine acts directly on the stomach it would be expected that a certain 
rate of gastric acid secretion, produced by an intravenous infusion of histamine, 
would be maintained by infusing substantially less histamine directly into 
the arterial supply. However, Thompson & Vane (1953) found that the direct 
intra-arterial infusion rate had to be as great as the intravenous infusion rate 
to maintain the same volume of secretion per minute. 

A possible explanation of this unexpected result was that when histamine 
was infused intravenously it accumulated in the blood, whereas when infused 
into the gastric circulation, it was largely inactivated by the liver. 

By comparing the concentrations of histamine in the blood reaching the 
stomach during intra-arterial and intravenous infusions, we have shown that 
this is not the correct explanation. The results suggest that histamine-induced 
_ gastric secretion depends upon some interaction between histamine and the 

blood. 

METHODS 
Cats were anaesthetized with chloralose (70 mg/kg). The coeliac axis was prepared for perfusion of 
the gastric vessels by the method described in a previous paper (Thompson & Vane, 1953). Blood 
was withdrawn from the lower end of the abdominal aorta to supply the perfusion machine Type II A 
or ITB (Vane, 1953). The secretion from the stomach was automatically collected over 10 min 
periods from a cannula inserted into the posterior wall at the pyloric end. 

Histamine was infused from a constant output pump into the blood as it entered the perfusion 
_ circuit from the aorta, so that blood and histamine were mixed before reaching the cannula in 

the coeliac axis. Blood samples (4 ml.) were withdrawn from the coeliac cannula. 

The concentrations of diffusible histamine in blood were measured by a new method (Born & 

Vane, 1952). Blood was dialysed against saline, histamine in the dialysate was purified by paper 
partition chromatography and assayed on the isolated ileum of the guinea-pig. 


RESULTS 
Table 1 shows the histamine concentrations observed in coeliac blood when 
histamine was infused intravenously and intra-arterially. During intra- 
arterial infusion, the histamine cencentrations in the coeliac blood could be 
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calculated from the rate of infusion and the rate of blood flow. The concentra- 
tions observed in the blood during intra-arterial infusion of histamine were 
within 10% of the calculated value. This was within the experimental error 
of the method of measurement. During intravenous infusions of histamine 
(15 g/min) the blood concentrations only rose to a mean value of 5-8 1g/100 ml. 
blood. These figures are similar to those given by Emmelin (1945) and Ojha & 
Wood (personal communication) for similar infusions, also in cats. Intra- 
arterial infusions of histamine at 15 «g/min led to very much higher concentra- 
tions in the coeliac cannula. Thus, there was no evidence for an accumulation 


Tasiz 1. Blood histamine concentrations in anaesthetized cate during different rates 
of histamine infusion. The blood was taken from the coeliac cannula 


Before Histamine Histamine Histamine Histamine 


histamine infusion infusion infusion infusion 
Expt. no. infusion (15 g/min 1.v.) (30yg/min 1.v.) 1A.) 
1 55 10 15 
*45 
2 5-5 15 
4 16 45 
5 0-9 5-0 10 
Mean 3-6 13 
* Gastric blood flow 
Pressure and 
tem Flow Perfusion 
recording meter pump 
Distant 
SL 
Abdominal aorta 


Fig. 1. Diagram showing perfusion circuit and points of infusion of histamine. In the ‘distant’ 
position, histamine was infused into the tube connecting the aorta to the perfusion pump. 
In the ‘close’ position, histamine was infused into the blood as close to the coeliac axis as 
possible. 
of histamine on intravenous infusions which would explain the rather sur- 
prising observation of Thompson & Vane (1953) that as much histamine had 
to be infused intra-arterially as intravenously in order to cause the same rate 
of gastric secretion. When their experiments were repeated, using now Type II A 
and IIB perfusion machines, another fact came to light. 
Histamine was infused into the external perfusion circuit (a) as close to, and 
(6) as far away from, the stomach as possible (Fig. 1). In the close position, 
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the infusion was made into the coeliac cannula. In the distant position, the 
infusion was made into the reservoir of the pump. 

On ‘distant infusion’ intra-arterially it was found that 3-5 yg hista- 
mine/min, gave as much secretion as 15yg histamine/min intravenously 
(four cats). It was then found that whereas an infusion of histamine 
(1-5-10 pg/min) in the ‘distant position’ gave a good secretion, the same 
infusion in the “close position’ gave much less secretion (seven cats). This 
observation was repeated 12 times (Table 2) and the low rate of secretion from 
a close infusion was bracketed between high secretions from distant infusions. 


Tass 2. Changes in secretion obtained by infusing histamine at the same rate 
but into two different parte of the perfusion circuit 
Average secretion (ml./10 min) 


Hist. Hist. 1.4. Hist. 
Histamine lst period 2nd 


period 3rd period 
dose (away from (near to (away from 
Expt. no. (ug/min) stomach) ) stomach) 

I 6 1-4 10 
2 3-3 1-7 0-3 13 
3 10 1-7 0-8 1-4 
4 3 2-1 0-7 0-9 
5 75 19 0-3 0-9 
6 3 2-8 1-2 1-7 
7 3 1-7 0-2 0-9 
8 1-5 2-5 13 2-2 
9 2-0 1-4 0-3 — 
10 40 2-0 0-4 1-2 
11 4-0 1-2 0-4 2-2 
12 4-0 2-2 0-2 — 


Means: 1.8. (21 periods) 1-7 ml./10 min 
1.4. (12 periods) 0-6 ml./10 min 
LR., into reservoir; 1.4., into coeliac cannula 


Fig. 2 shows a typical record. Sometimes at the beginning of an experiment 
there seemed to be no difference in the secretions resulting from ‘close’ and 
‘distant’ infusions, but the difference always became apparent when the rate 
of histamine infusion was reduced. Throughout these experiments the pH of 
the juice remained low (<1-0) so that the amount of non-parietal secretion 
was negligible. If indian ink was injected at the ‘distant position’ into the 
perfusion reservoir it appeared in the coeliac cannula 5-15 sec later depending 
on the rate of flow of blood. It was, however, about 1 min before all the ink 
had disappeared from the external circuit. It seemed, then, that when hista- 
mine was infused into the reservoir it became ‘activated’ in less than 1 min. 

It was possible that, when infused into the coeliac cannula close to the 
stomach, the histamine solution was contained in a thin streamline which was 
carried by the bloodstream along only one of the major arterial branches and 
therefore to only a part of the gastric mucosa. The secretory rate might then 
be lower than that obtained during an infusion into the pump system, wherein 
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the histamine would be well mixed with the blood and carried to all parts of 
the stomach, though at a lower concentration. 


In the experiments described, histamine had been introduced into the blood — 


stream through a hypodermic needle pushed through the wall of a piece of 
pressure tubing. By infusing indian ink in this way into an artificial perfusion 
circuit it was found that laminar flow did occur. However, the position and 
- size of the streamline depended upon several factors: (a) the position of the 
tip of the infusion needle in relation to the cross-section of the perfusion tube; 


10 min intervals t 
Distant Close Distant 


Fig. 2. The secretion resulting from ‘distant’ and ‘close’ infusion of histamine. During the 
‘distant’ infusion the secretory rate increased to 2-8 ml./10 min. On close infusion it fell to 
0-6 ml. On changing back to distant infusion, the rate again increased. 


(b) the direction of entry of the infusion needle into the tube; and (c) the shape 
of the perfusion cannula. Different perfusion cannulae had been used and the 
position of the infusion needle was decided purely by chance. Therefore it 
seemed improbable that streamlining could account for the results. However, 
in order to break up any streamlines, a mixing device was included in the 
perfusion circuit so that the blood was thoroughly mixed just before it entered 
the stomach. This consisted of a small Perspex tube (Fig. 3), constructed so 
that the direction of flow of blood through it was abruptly changed several 
times. When the device was included in an artificial perfusion circuit an infusion 
of indian ink showed that it produced turbulence. 
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The secretion obtained by the distant infusion of histamine was compared 
with that obtained by infusing histamine into the mixing device ‘close’ to the 
stomach. Table 3 shows that in five cats, even though the mixing device was 
present, histamine infused into the perfusion circuit far from the stomach gave 
more secretion than histamine infused near the stomach. Streamlining, there- 
fore could not account for the effect. | 


2 
j 


Fig. 3. The mixing device. This was made from Perspex and, when included 
in the perfusion circuit, caused turbulent flow. 


TaBLE 3. Changes in secretion obtained by infusing histamine at the same rate 
far from (1.8.) and near to (1.M.) the stomach. 
Average secretion (ml./10 min) 


2°5 3-2 4-2 19 
2 5-0 2-9 0-7 1-9 
3 13 _ 1-2 1-5 0-4 0-9 
4 0-5 1-7 1-0 13 _ _ 
5 10 3-3 2-3 3-0 — 


L&., into reservoir; LM., into mixing device. 


DISCUSSION 


It was found that when histamine was infused into the arterial blood supplying 
only the stomach, the gastric secretory rate depended upon the place where 
the infusion was made. The secretion obtained by infusing histamine close to 
the stomach was significantly less than when it was infused far from the 
stomach. 

This difference was not accompanied by changes in the rate of gastric blood 
flow and could not be explained by inadequate mixing of blood and histamine 
when the infusions were made close to the stomach. It seemed, therefore, that 
if histamine was in contact with blood for a short time (about 1 min) before 
reaching the stomach the rate of secretion was greater than if the duration of 
contact between blood and histamine was reduced to the shortest possible. 

What is the significance of this result? It is not known how: histamine 
stimulates the stomach to produce acid secretion, but for many years it has 
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been assumed that histamine has a direct action upon the parietal cells of the 
gastric mucosa (Kahlson, 1948; Babkin, 1950). Evidence in favour of this 
assumption is that isolated gastric mucosae of certain species produce acid 
secretion in response to histamine applied to the serosal surface (Delrue, 1930, 
1933; Gray, Adkinson & Zelle, 1940; Gray & Adkinson, 1941; Teorell & 
Wersill, 1945; Davies, 1946; Edwards & Edwards, 1948; Patterson & Stetten, 
1949; Davies, 1951). 

However, the concentrations of histamine used were much higher than those 
needed to produce secretion in vivo. The possibility remains that, in order to 
produce secretion, histamine has to interact with a constituent of the mucosa 
or the bathing fluid. Moreover, most of the work on isolated gastric mucosa 
has been done with that of the frog which seems to differ from the mucosae of 
other animals. In the summer, an isolated piece of frog’s mucosa will secrete 
spontaneously without the addition of histamine to the bathing fluid. This 
secretion cannot be due to any diffusible secretagogue originally contained in 
the mucosa, for the bathing fluid can be changed many times without 
any alteration in the rate of spontaneous secretion (Davies, personal 
communication). 

Our results suggest the possibility that histamine acts indirectly upon the 
secretory cells of the stomach. An interaction between histamine and blood 
may be necessary before secretion can occur. The interaction needs some time 
to become effective. 7 

Different kinds of interaction are possible. Blood may act upon histamine 
to produce the secretagogue. Histamine may liberate a substance from 
a constituent of blood which may produce secretion or increase the secretion 
produced by histamine. Again histamine may form a complex with a con- 
stituent of blood and thus remove an inhibitor of secretion. 

It is commonly supposed, and there is some evidence, that antihistamine 
drugs compete with histamine for the same ‘receptors’ in tissue cells, and by 
combining with these ‘receptors’ abolish the action of histamine (Alonso, 
Adams, Goddard, Jaeger & Litchfield, 1948). If this were so then it would be 
expected that antihistamine drugs would abolish the action of histamine at all 
sites where histamine has a direct action. But the antihistamine drugs have 
no inhibitory effect upon histamine-induced gastric secretion. Indeed, they 
potentiate it (Loew & Chickering, 1941; Burchell & Varco, 1942; Hallenbeck, 
1943; McElin & Horton, 1946; Emmelin & Frost, 1947; Wood, 1948; Gilg, 
1948; Linde, 1950). These facts may perhaps also be regarded as evidence for 
an indirect action of histamine on gastric secretion. 


SUMMARY 


It was found that the rate of acid secretion from the perfused stomach of the 
cat depended upon the site of infusion of histamine. If the histamine was 
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allowed to mix with the blood for $-2 min, the resultant secretion was greater 
than if the histamine was mixed with the blood for as short a time as possible. 


Our thanks are due to Dr G. 8. Dawes for many useful discussions. During this work, one of us 
Research Fellowship from the Royal Society. 
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Rumen liquor contains a high concentration of potassium (Parthasarathy, 
19524), and in view of the known effects of this ion on cell membranes it was 
considered desirable to study the effect of solutions containing potassium in 
concentrations comparable to those of the rumen liquor, on the absorption of 
other ions and, in particular, of fatty acids. There is very little information to 
be found on the absorption of inorganic ions or of water from the rumen. 
Masson & Phillipson (1951) noted that when solutions containing no chloride 
were introduced into the rumen chloride appeared and they concluded it came 
from the blood. Scarisbrick & Ewer (1951) have reported on the irregular 
behaviour of inorganic phosphorus in the rumen, while recently Sperber & 
Hydén (1952), on the basis of experiments in which they studied the behaviour 
of solutions containing potassium, sodium, chloride and phosphate in a 
‘Pavlov’ pouch of the rumen of goats, suggested that the rumen is selectively 
permeable to inorganic ions. : 

The question whether water is absorbed from the rumen has never received 
close attention and, as there are good reasons to believe that water is absorbed 
from the digesta before they reach the abomasum (Garton, 1951; Masson & 
Phillipson, 1952), particular attention has been given to the volume changes 
that have occurred during the course of these experiments. The results show 
clearly that the rumen epithelium is readily permeable to water, but further 
work is needed to establish the direction of the flow under normal conditions. 
Some evidence has been found to support the contention of Sperber & Hydén, 
but the support so far is qualified. No evidence has been obtained to show that 
fatty acid absorption is affected by the ions under investigation. 


METHODS 


Sheep previously fitted with an ebonite rumen cannula were used in all experiments, and the 


surgical techniques for the isolation and emptying of the rumen and for the withdrawal of blood 
are identical with those previously described (Masson & Phillipson, 1951). Absorption of any 
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constituent was measured by the net changes occurring in the solution in the rumen and by 
comparing this change with the venous-arterial difference between blood leaving the rumen and 
carotid blood. The expression ‘ venous-arterial difference’ is used, as the arterial value is deducted 
from the venous value. 

Sodium in blood and in aqueous solution was estimated by the method of Weinbach (1935). 
When appreciable concentrations of phosphate were present the trichloroacetic acid filtrate was 
made alkaline to phenolphthalein by the addition of dilute ammonium hydroxide. Approxi- 
mately 0-5 g of powdered calcium hydroxide was then added and the solution shaken. The calcium 
phosphate was allowed to settle for an hour and the solution was filtered, reacidified and made up 
to a suitable volume. The subsequent procedures were identical with those previously described. 

Potassium in blood was estimated by the colorimetric method of Looney, Dyer & Worcester 
(1942). Aqueous solutions were diluted to bring the potassium content within the range found in 
blood. Chloride in blood was estimated by the open Carius method of Van Slyke (1923). Preliminary 
digestion was omitted when dealing with aqueous solutions. 

Total fatty acid in aqueous solutions was determined by steam distillation. An equal quantity 
of a saturated magnesium sulphate solution containing 2-5 % sulphuric acid (McAnally, 1944) was 
added to the sample, as this prevents the appearance of chloride in the distillate. The modification 
of the McClendon procedure, the accuracy of which is given by Kiddle, Marshall & Phillipson 
(1951), was used for total volatile acid in blood. The freezing-point of rumen liquor and of blood 
serum was used as an indirect measure of the osmotic pressure of these fluids. The procedure 
described by Findlay (1932) was followed. Normally fed sheep fitted with rumen cannulae 
provided rumen liquor. The samples were drawn rapidly without suction, filtered rapidly through 
gauze and stored under liquid paraffin. Blood was withdrawn from the jugular vein by a syringe 
and transferred to a centrifuge tube under liquid paraffin. The serum so obtained was used for 
the determination of the freezing-point. The effect of loss of carbon dioxide or rumen liquor by 
exposure to the air was examined by determining the freezing-point after exposure and then 
again after re-equilibration with a mixture of 60% CO, and 40% N,. This was a necessary 
precaution, as the gas phase of the rumen contains a high proportion of carbon dioxide. 


RESULTS 
The absorption of sodium and potassium acetate 
Two experiments in which increasing concentrations of sodium and potassium 
acetate were placed in the rumen showed that, so far as could be judged by the 
concentrations of these two ions in the blood leaving the rumen in comparison 


to carotid blood, no absorption occurred until the concentration in the ramen 


exceeded that of carotid blood. The essential data are given in Table 1. 
In each experiment the rumen was drained thoroughly, the initial solution 


of acetate was introduced and blood samples were withdrawn after approxi- 


mately 15 min; a sample of the solution was withdrawn for analysis and the 
rumen was partially emptied. An appropriate quantity of a concentrated 
sodium or potassium acetate solution was added to increase the concentration, 
and the solution was returned to the rumen. At the end of the experiment the 
rumen was emptied, the residue recovered, and its volume noted. The net 
changes in sodium, potassium and water over the whole experiment are shown 
in Table 2. 

The sodium concentration in carotid blood remained at 238 mg/100 ml. 
throughout the experiment except for a slight increase during the last period, 
while the potassium concentration varied from 39 to 40 mg/100 ml. except 
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during the last period when it increased to 43 mg/100 ml. Positive venous- 
arterial differences occurred only when the concentration in the rumen exceeded 
these values. 

_ The net gain in sodium is a clear indication that sodium was passing from 
blood to rumen throughout most of the experiment, and the apparent absorp- 
tion during the last period was small in comparison. 


Tass 1. The venous-arterial differences between the rumen and carotid blood for sodium 
| and potassium compared with the concentration present in the rumen 


Sodium (mg/100 ml.) Potassium (mg/100 ml.) 
V.-A. Concn. V.-A. 
in rumen in rumen difference 

0 -10 0 -10 

4 -20 q -10 
16 —3-0 38 —2-0 
41 -10 65 +10 
61 -2-0 82 +10 

4 -3-0 121 0 

134 -3-0 184 +10 
583 +40 868 +40 


TasBxx 2. The absorption of sodium, potassium and water over the whole experimental 
period when solutions inside the rumen are increasing in strength 


Sodium solution Potassium solution 
Introduced Recovered Absorbed Introduced Recovered Absorbed 
Water (ml.) 3263 2800 463 2523 2138 385 
Base (g) 13-7 15-5 -18 18-8 17-4 1-4 
(-78 m.equiv) (36 m.equiv) 


The net loss in water in both experiments shows that water absorption 
occurred owing to the fact that the solutions in the ramen were hypotonic to 
blood except during the last period with the sodium solutions and the last two 
periods with the potassium solutions. The absorption of water, together with 
the passage of sodium into the rumen, is the probable explanation of the 
decreasing venous-arterial values in the first experiment. This may be true for 
the potassium solutions as well, but here a net loss of potassium was observed 
owing to the lower concentration of potassium in the blood. 

In both experiments sodium and potassium were estimated in each sample, 
and in both a progressively increasing concentration of the ion not originally 
included in the solution was found. Sodium increased to a concentration of 
12 mg/100 ml. in the solution of potassium acetate, while potassium increased 
to a concentration of 20 mg/100 ml. in the solution of sodium acetate. 

A positive venous-arterial difference for total volatile acid was found when- 
ever a solution of acetate was present in the rumen except when the weakest 
solution of sodium acetate was present. The venous-arterial difference, however, 
did not increase in a linear manner with concentration, as is shown in Fig. 1. 
A third experiment performed in the reverse direction is also included. 
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3 4 5 6 7 8 9 10 11 12 
Acetate in rumen (g/I.) 


Fig. 1. The venous-arterial difference for total volatile acid between rumen and carotid blood 
drawn approximately 15 min after the introduction of solutions of varying strength of 
sodium (© or ©) or potassium (@) acetate into the rumen. The arrows indicate the order 
in which the solutions were introduced in the three experiments. The upper limit of the 


physiological concentration of acetate in the rumen is approximately 5 g/l. 


The absorption of sodium, potassvum and chloride from rumen liquor 

Three litres of rumen liquor were drawn from normally fed sheep, and this 
material was introduced into the empty rumen and allowed to remain there 
for 1 hr. It was then withdrawn and 4-2 g potassium dihydrogen phosphate 
and 4-6 g of sodium chloride in solution were added, More rumen liquor was 
added to bring the volume to the same as it was previously, and the solution 
was returned to the rumen for another hour. Blood samples were taken at 
10 and 60 min after each solution was introduced into the rumen. 

The complete results are given in Tables 3 and 4. The stability of the 
concentrations of the ions in question in the peripheral circulation allows 
considerable confidence to be placed upon the venous-arterial differences, and 
a comparison of the net gains or losses against the venous-arterial differences 
demonstrates the reliability of the latter measurement as a guide to whether 
or not absorption is occurring. 

This experiment shows that absorption of potassium can occur from the 
rumen of normally fed sheep. It has also several other interesting features. 
Water is lost even from normal rumen contents. It is not easy to empty the 
rumen completely of a solution, and we do not consider that a volume change 
of less than 50 ml. is significant. This is based on the many measurements that 
have been made in the course of these and other experiments in which the 
rumen, previously emptied until only slow drips appear from the cannula, is 
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washed with 3 1. of water or saline. The recovery is usually between 2950 and 
3000 ml. 

During the first period there was a gain in sodium, as was to be expected 
from the first two experiments, and in the second period a small loss was found 
which again is to be expected as the concentration in the rumen exceeded that 
of blood. During the first period a gain in chloride was found, but an appreci- 
able loss of chloride occurred in the second period even though its concentra- 
tion was less than half that of blood. This shows that chloride can move from 


TasB_E 3. The concentrations of sodium, potassium, chloride and total volatile acids as mg/100 ml. 
in blood after rumen liquor has been introduced into the rumen 


Total fatty acid 
Sodium Potassium Chloride (mg acetic acid) 
of rumen Venous Arterial Diff. Venous Arterial Diff. Venous Arterial Diff. Venous Arterial Diff. 
238 42 42 0 310 310 0 4 2 +2 
umen : 


After10min 236 238 -2 42 
After 60 min 234 237 -3 45 
Rumen liquor + potassium and chloride: 
After 10 min 238 238 0 44 
After 60 min 241 239 «8606+2 47 


0 309 #310 7 +13 
+3 308 310 -2 #19 8 +11 


+2 310 310 0 37 8 +29 
+4 312 310 +2 %& 5 +19 


TaBLe 4. The absorption of sodium, potassiam, chloride and totel volatile scid from rumen 
liquor (pH 6-1 — 6-2) 


Concentration changes 
(mg/100 ml., T.v.a.* 
Total quantities expressed as mg acetic 
present (g. or ml.) acid) 
10 min 60 min 10 min 60 min 
after intro- after intro- Lost or gained after intro- after intro- 
, duction duction (g or ml.) duction duction 
(a) Rumen liquor 
Volume in rumen (ml.) 2750 2540 — 210 ml. 
Sodium 5-6 6-0. +04¢ 203 238 
Potassium 3-6 3-3 130 130 
Chloride 0-89 0-91 +0-02 g 32 36 
Total volatile acid 10-1 90 - -llg 368 353 
(6) Rumen liquor +NaH,PO, + KCl 
Volume in rumen (ml.) 2765 2680 ~ 85 ml. 
Sodium 8-2 8-2 0g 297 305 
Potassium 4-7 43 -0-4¢ 171 162 
Chloride 3-7 3-4 -03¢ 135 127 
Total volatile acid 10-0 8-8 -12g 361 329 
*T.v.4. = total volatile acids. 


the rumen against a concentration gradient but not apparently until a certain 
concentration in the rumen is reached. These changes are clearly reflected by 
the blood analyses taken at 60 min and shown in Table 3. Wherever there has 
been a loss, the concentration in the blood leaving the rumen has been higher 
than in the carotid blood even though the differences are small. Conversely, 
net increases in the rumen are associated with measurably less of the material 
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in question, sodium or chloride, in the venous blood leaving the rumen than 
in the carotid blood. 

The losses of total volatile acid cannot be taken as indicative of total 
changes, for production of fatty acids in rumen liquor continues during the 
experimental periods. From the blood picture it appears as though absorption 
was greater during the second period than during the first, but according to 
the net changes this was not so. It is possible, however, either that production 
of fatty acid increased after the addition of the sodium phosphate and 
potassium chloride solutions or else that metabolism by the rumen epithelium 
was altered; either event would produce the blood picture observed. 


The influence of tonicity on absorption from the rumen 

It is clear from the previous experiments that considerable movement of 
water can occur across the rumen epithelium. The following series of experi- 
ments were designed to see whether movement of water as such would influence 
the rate of absorption of ions in solution, and for this purpose potassium, 
chloride, acetate and propionate were chosen. In addition, experiments were 
designed to see whether the absorption of acetate and propionate was 
influenced by the presence or absence of potassium. In each experiment 
a comparison of three solutions was made over the period of an hour; this 
allowed the comparison of two variables in each experiment. Analyses of the 
carotid and rumen blood for the ions in question were made; samples of blood 
were drawn before the experiment started when only water was present in the 
rumen and then at the end of each period before the test solution was removed. 
The changes in concentration of potassium, sodium, chloride and fatty acid 
were determined in the rumen, and the total changes were calculated from the 
volumes introduced and recovered in the solution and in the washings. The 
values given for total changes are also corrected for the small quantities 
withdrawn in the samples taken for analysis. 

The inclusion of fatty acid in at least one period of each experiment had an 
additional value in that it served as a guide to the condition of the animal. 
The number of ions included in each solution was increased as the experiments 
progressed. The first experiment was intended to act as a guide to the quantities 
of sodium, chloride, potassium and acetate that could be absorbed when the 
solutions present were hypotonic to blood. 

The three 0-08 m solutions were compared. These were: (1) 0-08 m-NaCl, 
(2) 0-026 m-NaCl + 0-055 m-KCl, and (3) 0-026 m-NaCl+ 0-055 m-CH,COONa. 
The result is given in Table 5. 

Positive differences between the venous and arterial blood for chloride, 
acetate and potassium were found wherever absorption occurred, although for 
potassium it was so small that taken by itself it is not significant. With sodium 
only trivial changes were observed, but these are not indicated by the venous- 
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arterial difference. Substantial quantities of chloride disappeared from the 
rumen when the concentration in the ramen was practically the same as that 
of the arterial blood, while no appreciable absorption took place when the 
concentration in the rumen was less than 100 mg/100 ml. 

In the next experiment the same concentrations of potassium and acetate 
were included in solutions whose molarity were: 0-165, 0-165 and 0-22 m. The 
first two were considered to be isotonic with blood and the last hypertonic. 
The composition of these solutions were: (1) 0-055 m-CH,COONa+0-111 
m-NaHCO,, (2) 0-055 m-CH,COONa+0-055 m-NaHCO, + 0-055 m-KCl, and 
(3) 0-055 m-CH,COONa + 0-111 m-NaHCO, + 0-055 m-KCl. The absorption of a 


TaBiz 5. The absorption of potassium, sodium, chloride and acetate from the ramen when 


0-08 m solutions were present 
Concentration (mg/100 ml.) 
Blood Rumen contents Total lost 
Solutions Venous Arterial Difference In Out (g) 
Empty 36 37 - 1 
2 39 38 + 1 215 212 -0-3 
3 37 37 0 — nine in 
Empty 258 259 - 1 
Sodium 1 257 258 - 1 187 197 
2 257 259 - 2 63 64 +01 
3 257 258 me | 188 196 -0-1 
Empty 273 274 - 1 — 
Chloride 1 282 274 + 8 287 272 -0-9 
2 280 274 + 6 283 263 -0-9 
3 273 274 - 1 96 98 — trace 
Empty 3 3 0 _ 
Acetate 3 25 5 +20 304 224 -— 2-8 


Solution (1): 0-080 w-NaCl. 
Solution (2): 0-026 m-NaCl+0-055 KCl. 
Solution (3): 0-026 m-NaCl +0-055 CH,COONa. 


standard concentration of acetate was compared at isotonicity with blood 
with and without the presence of potassium. Absorption from the same con- 
centrations of acetate and potassium was compared using iso- and hypertonic 
solutions. The results given in Table 6 show no indication that the absorption 
of acetate is in any way influenced by the presence of potassium; neither is 
chloride essential, as solution one contained none. More potassium, sodium 
and chloride was absorbed from the hypertonic solution than from the isotonic 
solution, and the reverse was true for acetate. Appreciable quantities of 
chloride disappeared from the rumen against a concentration gradient, but 
sodium was only absorbed when the concentration in the ramen exceeded that 
of the blood. 

Similar experiments were done in which both acetate and propionate were 
added to the solutions. The first comprised a comparison of two hypotonic 
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(0-11 m) and one hypertonic solution (0334 m) of the following composition: 
(1) 0-055 m-NaCl+ 0-055 m-KCl, (2) 0-037 m-CH,COONa +0-018 m-CH,CH,- 
COONa + 0-055 m-KCI, and (3) 0-165 m-NaCl + 0-111 m-NaHCO, + 0-055 m-KCl. 
The reverse comparison was made between solutions (1) and (2) to see whether 
the presence of fatty acid influenced the absorption of potassium, while a 
further comparison between (1) and (3) allowed the effect of tonicity on the 
Taste 6. The influence of potassium and tonicity on the absorption of acetate 
from the rumen 
Concentration (mg/100 ml.) 


Rumen contents Total lost 


Blood 
f | or gained 
Solutions Venous Arterial Difference In Out (g) 
Empty 33 34 - 1 
Potassium 1 32 34 2 — 
2 39 . 38 +1 218 —0-4 
3 43 39 +4 218 191 -0-6 
Empty 200 200 0 
Sodium 1 203 201 +2 381 385 -0-2 
2 200 200 0 255 263 + trace 
3 231 204 +27 381 340 -0-9 
Empty 285 286 - 1 — 
Chloride 1 285 286 - 1 —_— — — 
2 290 286 +4 201 192 -0-3 
3 293 287 + 6 201 180 -0-5 
Empty 2 2 0 — — — 
Acetate ae 20 4 +16 307 262 -16 
2 28 7 +21 329 280 -146 
3 25 4 +21 324 277 -—1-2 


Solution (1): 0-055 m-CH,COONa + 0-111 m-NaHCO,. 
Solution (2): 0-055 m-CH,COONa + 0-055 m-NaHCO, + 0-055 m-KCl. 
Solution (3): 0-055 m-CH,COONa +0-111 m-NaHCO, + 0-055 m-KCl. 


absorption of potassium to be studied. The results are given in Table 7. More 
potassium was absorbed from the hypertonic solution than from the hypotonic ; 
and in each period a positive venous-arterial difference was found which agrees 
with the quantities absorbed. Changes in sodium were trivial until the con- 
centration in the ramen far exceeded that in the blood in period (3). Chloride 
was absorbed in relation to its concentration, and the venous-arterial differ- 
ences reflect the actual quantities absorbed. During period (2) chloride was 
absorbed against a concentration gradient. 

This experiment was then repeated with the difference that two isotonic 
solutions (0-165 m) with and without potassium were compared with a hyper- 
tonic solution (0-333 m). Acetate and propionate were present throughout. The 
solutions used were: (1) 0-037 m-CH,COONa+ 0-018 m-CH,CH,COONa + 
0-055 m-NaHCO, + 0-055 m-NaCl, (2) the same as (1) except that 0-055 m-KCl 
was substituted for the sodium chloride, and (3) 0-037 m-CH,COONa+ 
0-018 m-CH,CH,COONa + 0-111 m-NaHCO, + 0-111 m-NaCl+ 0-055 m-KCl. A 
further comparison of the absorption of fatty acid, in this experiment acetate 
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and propionate with and without the presence of potassium, was made and the 
absorption of all three was compared between iso- and hypertonic solutions. 
The results given in Table 8 confirm previous experiments. The loss in 
potassium was greater from the hypertonic than from the isotonic solution; 
sodium was absorbed only when its concentration exceeded that of the blood; 
chloride, on the other hand, was absorbed against a concentration gradient 
from solutions (1) and (2). Fatty acid absorption was not greatly influenced 
by either the presence of potassium or by the change in tonicity. The losses 
or gains of potassium, sodium and chloride are all reflected by the venous- 
arterial differences. 


Taiz 7. The absorption of potassium, chloride and fatty acid from hypo- and 
hypertonic solutions in the rumen 
Concentration (mg/100 ml.) 

f Blood Rumen contents Total lost 
A or gained 

Solutions Venous Arterial Difference In Out (g) 

Empty 36 36 0 

Potassium 1 40 36 +4 213 214 - 0-4 

2 40 36 +4 214 217 -0-4 

3 45 40 + 5 214 168 -0-7 

Empty 243 244 - 1 
Sodium 1 240 244 -4 123 130 — trace 
2 239 244 -~ 5 122 131 — trace 

| 3 262 250 +12 = 628 514 -15 

Empty 306 306 0 

Chloride 1 318 306 +12 398 376 -15 

2 309 307 + 2 197 194 -0-5 

3 329 311 +18 781 623 -2-3 

' Fatty acid 2 23 2 +21 329 269 — 2-5 


Solution (1): 0-055 m-NaCl +0-055 m-KCl. 
Solution (2): 0-037 m-CH,COONa +0-018 m-CH,CH,COONa + 0-055 m-KCl. 
Solution (3): 0-165 m-NaCl+0-111 m-NaHCO, +0-055 KCl. 


| The effect of pH 

As bicarbonate was used in many of these experiments the reaction of the 
solutions was slightly alkaline; in order to study the influence of pH on the 
absorption of these ions two more experiments were performed in which the 
same concentrations of acetate, propionate and potassium were used and the 
tonicity was varied by adding sodium chloride in different strengths. The pH 
was adjusted to approximately 5 and maintained in that region in the rumen 
throughout the period by the addition of further amounts of n-HCl when 
necessary. 

The three solutions used were 0-111, 0-165 and 0-333 m and were identical 
except that sodium chloride was added to increase the tonicity. The two 
experiments differed only in that in the first the order in which the solutions 
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were introduced into the rumen was that given ut while in the second 
this order was reversed. 

The hypotonic solutions consisted of 0-037 «-CH,COONs, 0-018 m-CH,CH,. 
COONa and 0-055 m-KCl. To the second was added 0-055 m-NaCl to bring the 
molarity to 0-165 m, and to the third 0-22 m-NaCl to bring the molarity to 


from the rumen 


Concentration (mg/100 ml.) 


A Blood Rumen contents Total lost 

Solutions Venous Arterial Difference In Out (g) 

Empty 44 46 - 2 

Potassium 44 46 - 2 
2 49 46 + 3 211 202 -0-3 
3 69 54 +15 209 157 -0-8 

Sodium 1 248 244 +4 363 348 -0-4 
2 244 245 - | 243 242 +01 
3 302 254 +48 642 479 —2-4 

Empty 280 281 - 1 — — — 
Chloride 1 283 281 +2 206 194 -0-3 
2 283 281 +2 206 195 -0-3 
3 324 292 +32 622 484 -18 

Empty 4 3 +1 
Fatty acid 6 +16 330 268 -1-7 
2 30 s +22 334 282 —1-4 
3 28 x +20 334 241 -16 


Solution (1): 0-037 m-CH,COONa + 0-018 m-CH,CH,COONa + 0-056 w-NaHCO, +0-065 m-NaCl. 
Solution (2): 0-037 m-CH,COONa + 0-018 m-CH,CH,COONa + 0-055 m-NaHCO, + 0-055 m-KCl. 
Solution (3): 0-037 m-CH,COONa + 0-018 m-CH,CH,COONa + 0-111 m-NaHCO, +0-111 m-NaCl + 
0-055 m-KCl. 
The results of the first experiment, given in Table 9, show an increase in the 
a ion of potassium with increased tonicity. Large quantities of chloride 
were absorbed, in the first period against a concentration gradient. As hydro- 
chloric acid had to be added at intervals throughout the experiment, only the 
concentration of chloride in the solutions removed from the rumen are given. 
The rate of absorption of the fatty acids was greater than in previous experi- 
ments, which was expected from previous work. The behaviour of sodium was 
similar to that found in previous experiments. In this, as in all experiments, 
the quantities absorbed and the venous-arterial differences agree. The second 
experiment, performed in an identical manner in the reverse direction, gave 
a result that is similar in all its features. Only the total results are given in 
Table 10. 
The range of pH in these experiments was always acid; in the first the ranges 
of pH found for the three solutions whilst in the rumen were 5-1--6-6, 4-9-6-6 
and 5-0-6-1. In the second they were 4-9-6-3, 4-9-6-0 and 4-9-6-0. 
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Tasix 9. Absorption of inorganic ions and fatty acid from acidio solutions of varying 


tonicities in the ramen 
Concentration (mg/100-ml.) 
Blood Rumen contents Total lost 
Solutions Venous Arterial Difference In Out (g) 
Empty 26 28 - 2 
Potassium 1 29 28 +1 223 - 
2 30 28 + 2 223 236 —0-3 
3 32 30 + 2 213 171 -03 
Empty 253 254 - 1 
Sodium 1 252 255 - 8 124 — trace 
2 252 255 - 3 250 285 — trace 
3 270 260 +10 586 516 -10 
Empty 280 282 - 2 
Chloride 1 285 282 + 3 a 254 -1-2 
2 289 283 + 6 — 431 -—2-3 
3 298 284 +14 sole 761 -3-3 
Empty 4 2 - 2 — op nv 
Fatty acid 1 24 5 +19 308 195 -38 
(expressed 2 26 3 +23 308 174 —3-2 
as acetic acid) 3 16 2 +14 308 148 —2-8 


Solution (1): 0-087 m-CH,COONa + 0-018 m-CH,CH,COONa + 0-055 m-KCl. 
Solution (2): 0-087 m-CH,COONa +0-018 m-CH,CH,COONa + 0-055 m-KCl + 0-055 m-NaCl. 
Solution (3): 0-087 m-CH,COONa + 0-018 m-CH,CH,COONa +0-055 m-KCl + 0-22 m-NaCl. 


TaB_E 10. The total quantities of inorganic ions and fatty acids lost or gained from acidic 
solutions of varying tonicity 


Fatty acid 
(expressed 
Water Potassium Sodium Chloride as acetic acid) 
Solution (ml.) (g) (g) (g) (g) 

1 (0-33 +350 -0-3 -1-1 -3-8 -3-1 

2 (0-16 u —210 -0-3 — trace -18 -3-2 

3 (0-11 m) — 235 -0-2 — trace -0-7 -3-1 

The effect of mercuric chloride 


From these experiments there was reason to suppose that the absorption of 
chloride, as it is absorbed against a concentration gradient, and possibly also 
acetate, since there is apparently more efficient absorption at lower concentra- 
tions than at higher ones, is an expression of the activity of the epithelial cells 
lining the rumen. Ingraham & Visscher (1936) have shown that small con- 
centrations of mercuric chloride will inhibit absorption of chloride from the 
ileum of the dog. Mercuric chloride is a general protoplasmic poison and has 
no known specificity as an inhibitor, but, as none of the known inhibitors is 
likely to affect the uptake of chloride, this agent was investigated in two 
experiments. In the first experiment a solution containing sodium chloride, 
bicarbonate, acetate and the acid phosphate giving a total molarity of 0-165 
was used in the first period of an hour. Chloride was absorbed against a con- 
centration gradient to the extent of 0-6 g, the initial concentration being 
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241 mg/100 ml. Acetate was absorbed to the extent of 0-9 g from an initial 
concentration of 229 mg/100 ml., and 120ml. of water disappeared. An 
identical solution containing in addition 0-002 m-mercuric chloride was used 
in the second period. Chloride in the rumen increased by 0-1 g, acetate 
absorption was reduced to 0-3 g and only 40 ml. of water disappeared. No 


- jnorganic phosphorus was absorbed. 


In the second experiment a hypertonic solution was used to provide optimal 
conditions for the absorption of chloride. It consisted of potassium chloride, 
sodium chloride, sodium bicarbonate, sodium acetate and sodium acid phos- 


_ phate, giving a total molarity of 0-33 m. In the first period 2-6 g of sodium was 


absorbed from an initial concentration of 660 mg/100 ml.; 0-7 g of potassium 
from an initial concentration of 206 mg/100 ml.; 3-1 g of chloride from a 
concentration of 678 mg/100 ml.; and 2-1 g of acetate from a concentration of 
332 mg/100 ml. 360 ml. of water were gained. In the second period from an 
identical solution containing 0-002 m-mercuric chloride, 2:3 g sodium, 0-8 g 
potassium, 1-7 g chloride and 1:2 g acetate were absorbed and the gain in 
volume was 150 ml. A trace of inorganic phosphorus, 0-1 g, was lost during 
both periods from a concentration of 74 mg/100 ml. 

These experiments permit us to divide the constituents studied into two 
classes: (1) chloride and acetate whose absorption was reduced or stopped by 
mercuric chloride, and (2) potassium and sodium whose absorption was 
unchanged or only slightly affected by this agent. Volume changes were 
reduced no matter in which direction they occurred. 


The absorption of water 

It was mentioned earlier that volume changes of less than 50 ml. were not 
considered significant. The procedure for emptying the rumen has been 
standardized so that, provided care is taken to see that any fluid that enters 
the thoracic part of the oesophagus and the reticulum can drain downwards 
to the cannula, recoveries of 2950 ml. or more can be made from 3000 ml. 

An earlier experiment performed for another purpose showed that water 
could be absorbed from the rumen. The reticulo-omasal orifice was ligated and 
the rumen was emptied and washed. The organ remained empty during the 
experiment and after 3 hr, at post-mortem, it was found that the interior, 
instead of being moist, was completely dry, and the small residues of fibre left 
inside after the washing were so dry that they could readily be blown about in 
contrast to their habit of sticking to the walls of the organ. 

Particular attention was paid in all these experiments to volume changes 
that occurred and these are set out in Table 11. In addition to the changes 
given in Table 11 substantial losses occurred during the first two experiments 
when increasing concentrations of sodium and potassium acetate were intro- 
duced into the rumen which were for the most part hypotonic to blood 
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(Table 2). From normal rumen liquor 210 ml. were lost, and 85 ml. were lost 
from liquors to which KCl and NaH,PO, had been added (Table 4). 
The volume changes found experimentally were large enough to make it 
interesting to study the osmotic relationship between the blood and the rumen 
contents of normally feeding sheep. Samples of rumen liquor withdrawn at 
intervals throughout the day were treated as previously described and the 


freezing-point obtained. 


Tastz 11. The volume changes (ml.) in the rumen over periods of 1 hr when solutions 


of different tonicity are present 
of solution 

oun (m) 0-08 0-11 0-165 0-22 0-33 
— 220 — 255 — 244 +30 + 168 
- 160 — 304 — 168 — + 280 
190 188 120 +340 
— 260 120 +270 

Tasxe 12. A of rumen liquor and serum of normally fed sheep 
Sheep no. 
Time 3 
Fed on hay, oats and linseed meal 
Rumen liquor 9 a.m. 0-460 0-625 0-630 0-540 
11 a.m. 0-489 0-560 0-573 0-530 
1 p.m 0-572 0-635 0-620 
3 p.m. 0-590 0-695 0-680 0-650 
5 p.m 0-558 0-680 0-670 0-635 
Serum 0-575 0-578 0-573 0-572 
Fed on hay and oats ; 

Rumen liquor 9 a.m. 0-590 0-570 0-553 — 

11 a.m. 0-570 0-550 0-460 —_ 

1 p.m. 0-560 0-560 0-490 — 

3 p.m. 0-560 0-570 0-513 — 

5 p.m. 0-590 0-596 0-591 — 

Serum 0-594 0-596 0-591 — 


Kquilibration of rumen liquor with a mixture of 60° CO, and 40%, N, after 
removing coarse solid particles increased the value of A by only 0-001-0-003° C. 
For this reason the results have not been corrected for loss of carbon dioxide 
due to exposure to the air as the error involved is so small. Table 12 gives the 
results and also the values obtained for the serum of the sheep concerned. 
These results show that the osmotic pressure of rumen contents are never 
greatly different from that of blood serum, but the differences are large enough 
to allow considerable movement of water. The daily variation shows in six 
out of the seven of the series a decrease in the value of A immediately after 
feeding. With the richer of the two rations this is followed by a steady rise so 
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that the value becomes greater than that of the serum. When the ration of hay 
and oats was fed without linseed meal, which is a protein-rich foodstuff, the 


DISCUSSION 


These studies on the absorption of sodium, potassium, chloride and water 
from the rumen support the evidence put forward by Sperber & Hydén (1952) 
to show that the rumen epithelium is a selective membrane, although our 
results differ from theirs in that we have not found that sodium is absorbed 
against a concentration gradient and chloride only when concentrations of 
135 mg/100 ml. or more are present in the rumen. 

The venous-arterial difference has proved a reliable guide to whether or not 
absorption is occurring, but these values can alter with time after the intro- 
duction of the test solution. Consequently they can only be accepted as 
@ qualitative guide for inorganic ions. A closer relationship exists, however, 
for acetate when the values for the venous-arterial differences are far larger. 

The quantities of potassium disappearing were influenced by the tonicity of 
the solution ; losses of from 0-2 to 0-4 g/hr were observed from isotonic solutions 
when the concentration present was from 133 to 220 mg/100 ml. Greater 
absorption was found from hypertonic solutions that were slightly alkaline 
due to the inclusion of bicarbonate when losses of 0-6—0-8 g/hr occurred. This 
increased rate of absorption, however, did not occur where hypertonic but 
acid solutions were placed in the rumen.. Losses of 0-2-0-4 g/hr of sodium 
were found from concentrations in the rumen of from 360 to 385 mg/100 ml., 
while losses of 1-0—2-4 g occurred from solutions containing 580-635 mg/100 ml. 
.. Regular losses of chloride were found against a concentration gradient. In 


_ quantity these ranged from 0-3 to 0-6 g/hr. They occurred, however, from 


solutions that were 135 mg/100 ml. or greater; otherwise chloride in the rumen 


_ dmereased when concentrations of less than 100 mg/100 ml. were present. 


Under normal circumstances the chloride concentration in the rumen is less 
than 100 mg/100 ml. and may be as low as 25 mg/100 ml. (Masson & Phillip- 
son, 1952; Parthasarathy, 1952a). From these experiments it seems as though 
the rate of entry of chloride into the rumen equals its rate of passage to the 
blood when the concentration in the rumen is between 100 and 135 mg/100 ml. 
This critical level may well be lower in normal unanaesthetized sheep. Absorp- 
tion of chloride against a concentration gradient has been recognized for a long 
time in the dog; recently, Visscher, Fetcher, Carr, Gregor, Bushy & Barker 
(1944) have shown that isotopic chlorine moves in both directions across the 
mucosa of the ileum but at a greater rate from the lumen of the gut to the 


blood so that a net loss is found. It appears as though the same principle holds 
; good for the rumen. 
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No account has as yet been taken of the influence of the divalent ions, 
calcium and magnesium. Garton (1951) found concentrations in the rumen 
from 7 to 20 mg/100 ml. for soluble magnesium and from 10 to 21 mg/100 ml. 
for soluble calcium in the rumen liquor of normally fed sheep. Potassium, 
sodium and ammonia are the three principal,bases in the rumen, and it is clear 
from these experiments that potassium is steadily absorbed, while McDonald 
(1948) has shown that ammonia is also readily absorbed. Of the anions, fatty 
acids and chloride are absorbed and there is little doubt that carbon dioxide 
and bicarbonate are also absorbed. Inorganic phosphate is the only anion 
which penetrates the epithelium in very small quantities (Sperber & Hydén, 
1952; Parthasarathy, Garton & Phillipson, 1952). 

The large venous-arterial difference between rumen and carotid blood found 
in the normally fed but anaesthetized sheep for sodium by Parthasarathy 
(19526) and the losses of sodium recorded by Sperber & Hydén (1952) from 
a Pavlov pouch of the rumen are good reasons to believe that failure to find 
absorption against a concentration gradient in these experiments is due to 
the condition of the experiment, but the reason for this is far from clear, for 
it should be noted that absorption from normal rumen contents did not occur. 
Similarly, the fact that absorption of chloride against a concentration gradient 

did not occur until the concentration was 135 mg/100 ml. needs explanation. 
_ We have found no relationship between the absorption of acetate and 
propionate and the presence or absence of potassium; the only factors that 
influenced the absorption of fatty acids were lowering the pH—a well-known 
effect—and the introduction of 0-002 m-mercuric chloride which decreased 
absorption of chloride, water and fatty acid. There is, however, a clear 
relationship between the concentration of acetate in the.rumen and the 
venous-arterial differences, and the fact that the relationship is not linear is 
interesting, for it suggests that absorption is more efficient from weak solutions 
than from stronger ones. The losses of acetate in vitro due to metabolism by 
rumen epithelium are small compared with those for butyrate and propionate 
(Pennington, 1952), so that a relation can be expected between these two sets 
of values. Poisoning of the rumen epithelium by exposing it to 0-002 m-mercuric 
chloride inhibited absorption of the anions, acetate and chloride, while 
absorption of the cations, potassium and sodium, proceeded unhindered. The 
absorption of chloride against a concentration gradient may mean either an 
active participation of a chemiical mechanism of the epithelial cells themselves 
or a movement of ions according to a difference in electrical potential across 
the membrane, which in turn can only occur as a result of selective activity of 
the epithelial cells. The concentration of acetate in the blood is so small that 
a favourable concentration gradient always exists, yet the fact that mercuric 
chloride depresses the quantity absorbed in a similar manner to acetate, 
together with the fact that absorption from low concentrations appears to be 
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more efficient than from higher concentrations, are good reasons for believing 

that the absorption of acetate in common with chloride is influenced by the 

activity of the epithelial cells lining the rumen. Absorption of potassium, 

however, was unaffected by the presence of mercuric chloride and the effect 
on sodium was very slight. Mercuric chloride, therefore, in spite of its apparent 

lack of specificity, has successfully divided the ions into two groups: those 

whose absorption is stopped or greatly reduced and those which are unaffected. 

There is no reason to postulate any mechanism for the absorption of potassium 
beyond that of diffusion from a higher to a lower concentration; if any specific 
mechanism is concerned with the absorption of sodium it appears to be different 
to that concerned with the absorption of chloride. 

. Absorption of water from the rumen under the experimental conditions 
indicates that absorption occurs normally, for the figures for A of the rumen 

contents are often slightly hypotonic to the blood serum. Measurement of the 
freezing-point of complex biological fluids is not easy, and the probability is 
that owing to supercooling the actual values for A recorded are slightly lower 
than the true value. Aldred (1940) measured the osmotic pressure of sheep’s 
blood taken from normally fed animals and found a range equivalent to 
0-166-0-169 m-NaCl with an average of 0-167 m. These values correspond to 
@ depression of freezing-point of 0-617-0-628° C with an average of 0-622° C. 
These are greater than the values for A found for the serum of our sheep. 
Admittedly serum, having no fibrinogen, can be expected to have a slightly 
lower osmotic pressure than whole blood, but as the total osmotic pressure 
exerted by plasma colloids is not greater than 0-3% of the total this factor 
will be negligible. In any event, the higher the osmotic pressure of blood the 
more favourable are conditions for the absorption of water. 

The rumen liquor always had a lower freezing-point early in the morning 
than later in the day; with sheep feeding on hay, oats and linseed meal the 
contents became distinctly hypertonic to the serum, but when they were feeding 
on hay and oats alone it was nearly always slightly hypotonic to blood. The 
calculated values for A for the strength of solution used in these experiments, 


 mamely 0-11, 0-165, 0-22, 0-33 m, assuming they consist entirely of NaCl and 


dissociation is 100% are: 0-409, 0-614, 0-818 and 1-227 respectively ; this shows 
that only one of our solutions, namely, 0-165 m, is within the physiological 
range of tonicity, and that it is very slightly hypotonic when compared to 
Aldred’s figure of A 0-622 for sheep’s blood. Within an hour, however, losses 
of 70-305 ml. occurred. It is interesting that Visscher e¢ al. (1944), who studied 
the movement of water and deuterium from the ileum of the dog, found that, 
although movement of water, generally speaking, followed the osmotic 
gradients, movement of water from gut to blood occurred when the osmotic 
activity gradient was zero or negative. The values for A found in the three 


Sheep feeding on hay and oats and in one animal on the richer ration were 
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always lower than 0-614, and periods occurred in the remaining three sheep 
on the richer ration in which the value for A was lower than 0-614. For this 
reason we conclude that water absorption occurs from the rumen of the 
normally feeding sheep. Whether movement of water occurs in the reverse 
direction is not so clear; the hypertonic solutions used in these experiments 
were well outside the normal range, and although the rumen liquor on the 
richer diet certainly rose above Aldred’s value of 0-622 for blood, we have no 
data to show whether that can cause a significant movement of water into the 
rumen, although it is theoretically possible; but theoretical considerations are 
not necessarily correct with solutions that are slightly hypertonic, according 
to the observations of Visscher et al. (1944). Movement of water into the rumen 
in the single experiment in which an 0-22 m solution was employed was only 
30 ml. The calculated value for A for this solution is 0-818 which is greater 
than any of the values found in normal sheep. 


SUMMARY 

1. The venous-arterial differences between rumen and carotid blood for 
potassium, sodium and chloride were found to be reliable indications of whether 
absorption was occurring from the rumen in significant quantities or not. 

2. Sodium and potassium were absorbed from the rumen when their 
concentrations exceeded that in the blood. Passage in the reverse direction 
occurred when their respective concentrations were lower than those of blood. 

3. Chloride was absorbed from the rumen against a concentration gradient 
provided the concentration was 135 mg/100 ml. or over. At concentrations 
lower than this, net gains in chloride in the ramen were found. 

4. The presence or absence of potassium did not affect the absorption of 
acetate or of propionate. 

5. The presence of 0-002 m-mercuric chloride inhibited the absorption of 
chloride and acetate but did not affect the absorption of potassium and 

6. Absorption of water from solutions of 0-165 m strength or less occurred. 
The volume of solutions of 0-33 m increased when they were introduced into 
the rumen. | 

7. The osmotic relations between normal rumen contents and blood are 
such that absorption of water from the rumen under normal conditions is 
possible, 

The authors wish to thank Mr L. E. Vowles and Miss Mildred Wilson for their assistance in these 
experiments. 
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THE RATE OF SODIUM EXTRUSION FROM > 
HUMAN ERYTHROCYTES 


By E. J. HARRIS* ann T. A. J. PRANKERD 
From the Department of Biophysics, University College, London 
(Received 26 January 1953) 


The experiments described here were carried out to see whether the rate of 
extrusion of Na from human erythrocytes is affected by their rate of produc- 
tion in the body and by their shape. The latter variable has to be introduced 
because cells obtained from those pathological conditions (haemolytic 
anaemias) in which cell turn-over is rapid are often spherocytic, and this 
change in shape might contribute to altered behaviour. A control for this 
point has been obtained by examining normal cells in iso- and hypotonic 
media. Cells from cases of pernicious anaemia were taken as typical of a low 
rate of turn-over in the body, but it is possible that these cells were abnormal 
for reasons connected with their distorted shape rather than with their low 
rate of production. As far as conditions permitted experiments have been 
made on subjects before and after therapy in order to see whether a change 
towards a more normal rate of cell production caused the activity of the cells, 
as measured by the rate of Na excretion, to approach that of cells drawn from 
healthy individuals. 

As the validity of any comparison which may be made between the results 


of successive experiments depends upon the reproducibility of behaviour of 
normal cells this has also been studied. 


METHODS 
Tracer sodium efflux 


the age of the “Na preparation) of isotonic NaCl, prepared from irradiated NaHCO,, was added 
to 5-10 ml. of whole, heparinized blood. The mixture was incubated at 37-5° for 2 hr except when 
otherwise stated. A shorter time of incubation could be used without affecting the results, but 
longer times, as described later, introduced uncertainty on account of deterioration of the cells. 
The cells were spun down in a graduated tube at 1500 rev/min (14 cm radius) for 10 min. In order 
to reduce the quantity of radio-active extracellular solution the cells were re-suspended in about 
10 ml. of warm isotonic solution (the composition is specified later) and centrifuged again. 


* In receipt of a grant from the Medical Research Council for scientific assistance. 


Cells were prepared containing a trace of the radio-active isotope “Na. 2-5 ml. (depending upon | 


+ 

‘ 

4 


@ 


SODIUM EXTRUSION FROM ERYTHROCYTES 471 


» About 1-5 ml. of cells were added to 100 ml. of the saline medium. The suspensions of cells plus 
medium were contained in inverted polythene bottles, the normal openings of which were closed 
by means of rubber bungs; two holes were drilled in the bases so as to permit sampling and the 
introduction of a tube carrying gas for oxygenation and stirring. The gas used was 95% O, and 
5% CO,. The introduction of the gas kept the cell suspension stirred, but before withdrawing 
a sample by means of a calibrated syringe pipette, the pipette was filled and emptied several 
times in order to ensure mixing. 10 ml. samples of the suspension were withdrawn at intervals 
and spun (4500 rev/min at 14 om radius for 15 min) in specially made haematocrit tubes having 
a.0-15 ml. calibrated capillary joined to a wider tube of volume 10 ml. The supernatant fluid was 


' decanted, the upper part of the tube wiped dry and the part of the capillary not occupied by 


cells was thoroughly rinsed out by the introduction of isotonic glucose solution from a Pasteur 


; pipette. To the measured volume of cells sufficient water to make a total volume of 3 ml. was added 


in portions by means of a Pasteur pipette in such a way that the haemolysate could all be trans- 
ferred to a sample tube. Of these 3 ml., a portion of 2 ml. was used for assay of radio-activity, 
after which the total was washed into a silica flask and ashed by means of redistilled nitric acid. 
To the dry contents of the flask, 25 ml. water were added, and after allowing time for solution 
the fluid was used for analysis. This was effected by means of a flame photometer, which was 
standardized by use of Na +K mixtures of composition similar to those provided by the cells. 
The accuracy of figures mentioned is probably better than 5%, but none of the conclusions depend 
to-an important degree upon the exact values; the principal reason for obtaining them was to see 
whether the cells were maintaining steady K and Na contents during the runs. The cell Na has 
been corrected for the Na in the trapped extracellular solution. This quantity was estimated by 
comparing the analyses of samples which had been treated as described, with those of others which 
had been re-suspended in Na-free isotonic solution and re-centrifuged before ashing. The difference 
(mean of eight determinations) was 3-4 m.equiv/Na in the trapped fluid per 1. cells. This quantity 
corresponds to the presence of 2-2% extracellular fluid, a figure in agreement with those found 
by Maizels (1945) and Jackson & Nutt (1951). Any changes taking place in cell Na and “Na 
during centrifugation have been assumed to apply proportionately to all samples, so that the 
ratios used in evaluating the rate constant are not in error. 

The pH of the suspension was checked at intervals. After cooling to room temperature the 
value was 7-3-7-4; on keeping the sample the pH drifted towards the alkaline side on account of 
CO, loss, but throughout the course of experiments lasting 4-6 hr the pH of freshly drawn samples 
remained 


constant. 
Exposure of cells to hypotonic media 

~ Two methods were used in assessing the effect of hypotonic solutions on the behaviour of red 
cells : 
(a) Whole heparinized blood, which had been treated for 2 hr with radio-active Na solution, 
was divided into two portions, and to one was added water to produce the requisite hypotonicity. 
The cells were spun off, and then washed with isotonic solution, after which they were again spun 
off and finally transferred to the soaking solution. The volume of cells recovered from the second 
spin was taken as a measure of the proportion that had survived haemolysis if any had occurred. 
This involves making the assumption that restoration to isotonic solution causes the cell volume 
to revert to its original value. 

(b) The cells after exposure to “Na were spun off and washed as usual, but the tonicity of the 
non-radio-active solution in which they were suspended during the soaking-out period was varied 
during the run, first by addition of water, and later by addition of sufficient NaCl to restore 


 isotonicity. 


Assay of radio-activity ; errors 
The 2 ml, samples of haemolysate were assayed by putting them in a Perspex container which 
fitted beneath an end-window counter tube. The radio-activity of the haemolysate, even at the 
end of the experiment, was sufficient to reduce the statistical error of the count (in a 2 min period) 
to less than 3%. A more serious source of error was the measurement of cell volume; this was 


J 
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made difficult by the of variable amounts of fibrous material and buffy coat, and, in 
debris from haemolysed cells was also mixed with the intact cells. 
Because of this effect, and possibly also of incomplete homogeneity of the suspension, two samples 
taken in quick succession would sometimes give cell volumes, and hence radio-activities, differing 


by up to 3%, though usually better duplication could be achieved. 
Solution 
The composition of the solution used for the soaking-out of the labelled sodium was in m.mole/I., 
Na 146, K 5, Ca 0-9, Mg 0-9, Cl 120, HCO, 27-5, 80, 0-9, HPO, 2-7. | 


RESULTS 
Constancy of behaviour of an individual’s cells 


It was shown by Harris & Maizels (1951) that the exchange of cell sodium 
could be described in terms of two opposed first-order processes. In the present 
experiments the cell sodium was labelled by use of a proportion of radio-active 
sodium, and the sodium in the solution remained nearly free from activity, 
for 1-5 ml. cells contained about 16 wequiv of the *Na+Na mixture, whereas 
the 100 ml. solution contains about 1000 times this quantity of inactive 
sodium. Therefore the loss of activity by the cells will be nearly a simple, 
first-order, process down to 1 % or less of the original radio-activity remaining, 
provided that the cells all behave in the same way, and that they do not 
deteriorate during the experiment. 3 

A number of runs was made at different dates using the cells from a particular 
individual’s blood. The time course of the content of labelled sodium during 
exposure to the soaking solution at 37-5° C has been plotted in Fig. 1, using 
a logarithmic scale. Most experimental points fall on a single straight line 
corresponding to a rate constant for Na output of 0-3hr-. It therefore 
appears that the cells from a healthy individual’s blood maintain a steady 
value of outward transfer constant over a period of months. It is important 
to stress that the results become variable if unequal times of incubation are 
used; for example, after incubation for 2 hr values of 0-37 and 0-46 hr-" were 
obtained for two different bloods, whereas the figures for the same two bloods 
after incubation for 5 hr were 0-31 and 0-29 hr-". A much greater diminution 
occurred after incubation for 15 hr; the rate constant fell to as little as 
0-lhr-?, The reason for this change is still being sought. 

This outward rate constant is higher than most of the values found by 
Harris & Maizels (1951) using a chloride-phosphate medium. Comparison of 
one sample of cells in the two media showed that the rate constant was 
greater in the bicarbonate solution. This might be explained by the greater 
ease with which the pH could be kept at the optimum value (7-4), but some 
specific influence of bicarbonate is not excluded. | | 
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0 ne 2 3 7 5 6 
Hours 


Fig. 1. The time course of the “Na output from the cells of an individual (I. W. Y.) blood. 
Temperature 37-5°, The experiments were made on the following dates: 
@ 17 Sept. 1952. @ 7 August 1952 (the last point is off the line, probably because this 
sample became contaminated). © 27 May 1952. © 19 Feb. 1952. The figures in brackets 
are the Na concentrations in cell water at various times. 


Sodium efflux from naturally abnormal cells 

If normally active cells were released into a blood containing a high propor- 
tion of abnormal, less active, cells it would be expected that the mixture would 
show a high rate of *Na output at the commencement of their exposure to the 
tracer-free solution followed by a slower loss when the active cells had 
exhausted their supply of tracer (by exchanging it for ordinary Na drawn 
from the solution). The slower loss should ultimately have a rate constant 
equal to that of the less active cells. 

Cells from the blood of patients with pernicious anaemia were examined 
before and after administration of vitamin B,, (Table 1). Before therapy the 
Na rate constant was about 0-23 hr-", and the points (Fig. 2) did not fall 
exactly on a straight line. A week after giving the vitamin the rate had 
increased, as had the haemoglobin content of the blood. One patient (Table 1, 
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line 2) had originally 1-6 million cells/mm®, and after 1 week this increased to 
2-28 million, so of the latter at least 30°/, were new cells. After this time the 
points found for the time curve of “Na loss could be fitted by a mixture of 
about 20% cells with rate constant 1 hr~* and the rest approximating to the 
original value, 0-23 hr-*. The anaemia of the other patient was more severe 
(line 1), the initial cell count was 0-9 million/mm*, and after 1 week this rose 
to 2°8 million. Thus, after a week at least 68%, of his cells were new ones, and 
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Fig. 2. Output of Na from cells from blood of pernicious anaemia patients 
before and after administration of vitamin B,,. 


@ = Patient O, O= patient D (lines 1 and 2, Table 1) 


in fact the points for the *Na loss from cells at this time do not give any 
indication of there being any of the original cells present. It must be stressed 
that it would require more information about the keeping properties of the 
cells to be sure that one is justified in interpreting a slight curvature of the 
logarithmic time plot as showing the presence of certain proportions of cells 
with given rate constants. Any deterioration of the cells such as has been 
shown to take place during their exposure to the artificial medium would give 
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the curve a similar appearance. It will be clear, however, that the rate after 
therapy is higher than before, even if the exact value or values are not quite 
certain. In a third example (Table 1, line 3) there was not a marked reti- 
culocyte response, although the haemoglobin increased. The rate constant 
did not rise immediately after commencement of therapy, but had increased 


Taste 1. Outward rate constants and permeabilities of erythrocytes for sodium at 37-5°, measured before and 


after therapy applied to the blood donors 
Treatment 


after lst _Haemo- reticu- Hb k cm hr-* 
Diagnosis sample lysis Date g/l00ml. MCD MCTh = (hr~) x 10-) 
1. Pernicious anaemia Vitamin B,, + 27.11.51 0-4 41 83 265 0-23 1-24 
6.ii.51 9 82 21 O320r 1-57 
2. xii. 52 0-4 14-2 73 821 1 1-43 
9. Pernicious anaemia Vitamin B,, + 27.11.51 02 6-4 82 23 0-23 1-18 
6. iii. 51 17 9-8 80 623 0-32 1-55 
3. xii. 52 08 13-3 74 22 0-41 1-99 
3. Pernicious anaemia Vitamin B,, 11. xi.52 0-7 6-9 86 23 2-10 
07s 
25.xi.52 05 10-9 76 26 0- 191 
3. xii. 52 10 108 74 24 0-50 2-70 
Resistant haemolytic Splenectomy ++ 19.11.52 12 6-5 69 18 0-38 1-62 
anaemia 11.ii1.52 24 10-0 712 22 0-28 1-35 
18. xi.52 10 . 06 76 © ©21 0-59 2-80 
++ 5.i1.51 12 10-2 6-3 0-45 2-41 
17. xii. 52 05 13-7 66 25 0-46 2-41 
: and 9.ix.52 10 78 70 8622 0-49 2-43 
90.ix.52 2 9-9 78 8626 0-34 1-59 
1. Haemolytic anaemia Cortisone +++ 30.ix.52 40 8-0 75 8606925 0-51 2-69 
secondary to a reticulosis 8. xi.52 26 9-9 74 24 ori 4-06 
4. xi.52 12 9-9 74 24 2-87 
8, 30. ix.52 25 6-9 72 «621 -1-86 
anaemia secondary to a 
reticulosis 
8.xi.52 7 8-3 7 2-38 
4. xi.52 10 106 76 0618 0-59 2-56 
9. Cortisone 25. xi.52 05 14-4 74 21 or 1-27 
0-21 
. 2. xii.52 05 14-4 7 21 0- 1-38 


by the time the third sample was taken. It is noteworthy that cells from the 
first two patients taken over a year after beginning vitamin administration 
had rate constants as high, or higher, than at the time of the second sample, 
although reticulocytosis had fallen to a normal value. This indicates that the 
increase in the rate of Na excretion to what seems to be a usual value (as given 
in Table 2) is not merely confined to the period of rapid cell production, and 
is more probably associated with presence of normal cells. 


Abbreviations: k, transfer constant; x, permeability constant; MCD, mean corpuscular diameter («); MCTh, mean 
corpuscular thickness (,). 


Results of experiments which furnished curved plots of log **Na versus time have alternatively been given as the pro- 
portions of two fractions of cells of unequal rate constants, or the single rate constant best fitting the experimental points. 
? 
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Before describing results obtained from the cells of patients with other 
diseases it is necessary to consider how much of the change of rate which is 
observed may be a consequence of an altered surface/volume ratio. If a 
surface which transports a constant flux of Na per unit area encloses unequal 
volumes of fluid, differing values of the transfer constant per unit volume of 
fluid will be observed. Therefore, if the relative activities of the surfaces of 
two cells of unequal dimensions are to be compared, as occurs when an 
abnormality is alleviated, it is necessary to compare the permeability constants. 
These are found by multiplying the transfer constant by the ratio (cell fluid 
volume)/(cell surface area) (cf. the discussion of this point by Harris & 
Maizels, 1952). It is not easy to obtain a satisfactory figure for the ratio on 
account of the peculiar shape of the erythrocyte, which in pathological states 
may become changed from the usual biconcave disk. The figures we had 
available were mean cell volume and mean cell thickness. From these an 
approximation to the surface was calculated from the formula of Emmons 
(1927). Ponder (1948) states that this gives a value 10-20% too high, but at 
least these figures should be comparable; a change from biconcave to biconvex 
disk would not alter the surface area. The fluid content of the cells separated 
from isotonic media was assumed to be 65°% (Ponder, 1948); actual determina- 
tions using both normal and abnormal cells furnished values between 64-5 and 
65-5 %. 

The figures for the permeability constant calculated on the assumptions 
mentioned are included in Table 1, and show that there is a change of outward 
permeability following response to therapy. The magnitude of the change is 
about seven times the standard deviation holding between different normal 
individuals. Examples of alterations in the reverse sense, towards a decreased 
Na efflux, were found in the therapy of some haemolytic anaemias. Splen- 
ectomy in one case and therapy of associated myxoedema in another led to 
diminution in the proportion of reticulocytes as well as to reduction of Na rate 
constant and outward permeability (lines 4 and 6). The patient mentioned in 
line 4 suffered a relapse, and reticulocytes and rate constant again increased. 
In the condition described in line 5, a congenital haemolytic icterus treated by 
splenectomy, the spherocytosis persisted and the high rate constant for Na 
extrusion remained unaltered in spite of a fall in the reticulocytes. Haemolytic 
disease brings about a reduction in mean cell life; this was 24 days at the time 
of the first sample taken from the first patient. Less clear results were obtained 
following therapy of haemolytic states by administration of cortisone (lines 7 
and 8). In a case of haemolytic anaemia secondary to a reticulosis (line 7) the 
hormone reduced but did not stop haemolysis, and the proportion of reticulo- 
cytes fell (Fig. 3A). The rate constant applying to Na excretion underwent 
a temporary increase, which is contrary to the previous results, but which 
could be the result of cortisone exerting an effect of its own upon the cells. 
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A case of leucoerythroblastic anaemia responded to cortisone by a reticulo- 
cytosis (Fig. 3B) and the rate constant of the Na excretion increased just as 
in the therapy of pernicious anaemia (line 8, Table 1). It will be noticed that 
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Fig. 3. The time course of reticulocyte proportion in bloods of haemolytic states after com- 
mencement of cortisone therapy. A, haemolytic anaemia (Table 1, line 7); B, leucoerythro- 
blastic anaemia (line 8). 
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Fig. 4. Time curves of “Na content of cells from haemolytic states, with an indication of the range 
of curves obtained using normal cells. (} Congenital haemolytic icterus; @ Leucoerythro- 
blastic anaemia with cortisone; © haemolytic anaemia after relapse; © haemolytic anaemia 
during cortisone therapy. 

the rate constants for Na output from cells taken from these haemolytic states 

before therapy were invariably higher than the usual; this is illustrated in the 

activity—time curves of Fig. 4. 
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A number of runs was made with normal cells to test the possible influence 
of cortisone. Three pairs of comparisons were made between cells with and 
without cortisone (adding 1 mg/100 ml. of medium); these yielded indefinite 
answers to the question. The plots obtained in presence of the hormone were 
more linear than the controls, as if deterioration of the cells was prevented. 
A similar effect could be produced by the addition of a proportion of plasma 
to the soaking solution. A test of the effect of administration of cortisone was 
made by drawing blood from a patient with ankylosing spondylitis before and 
following cortisone administration (Table 1, line 9). This showed little change, 
and it must be concluded that cortisone does not produce significant effects 
on normal erythrocytes. 


Tazz 2. Values of rate constant (k) and outward permeability constant (x) for bloods from 
healthy persons and pathological conditions not all known to alter blood behaviour. 
Temperature 37-5° C. 


k K 
Condition (hr-*) (em hr-* x 
y 
3. Healthy 0-27 1-35 
4. Healthy 0-34 1-53 
5. Healthy 0-26 1-13 
6. Atypical pneumonia, cells normal 0-28 1-36 
Acute anaemia 0-31 1-57 
Before vitamin B,, 0-31 1-57 
After vitamin B,, 0-38 1-76 
ry h 0-25 1-30 
10. Polycythaemia (Fig. 6) 

as a mixture of 0-26 

10 
Polycythaemia 0-27 1-35 


Mean for cells from five healthy individuals 0-30+ 0-04 hr-. 


Other results obtained using either normal or abnormal cells 

The rate constant of Na excretion from cells drawn from a number of 
individuals, either healthy or in pathological conditions, are summarized in 
Table 2. The rate constant for normal cells found under our experimental 
conditions is between 0-26 and 0-35 hr-, with a corresponding variation in 
the outward permeability constant. Cells from a number of pathological 
conditions also give values which fall within this range; one polycythaemic 
blood furnished the lower curve of Fig. 6, and probably corresponded to a 
mixture of cells of differing behaviour. This experiment is discussed again 
later. A blood with a relatively high reticulocyte content (10%) resulting 
from gastro-intestinal haemorrhage (Table 2, line 7) did not provide cells with 
a high extrusion constant, showing that reticulocytosis, when leading to 
production of cells of normal life span, is not associated with a high rate 
constant. 
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Attempts to alter the properties of originally normal cells 
. Before describing the results of rate-constant measurements made on 
cells which survived haemolysis some results will be given which show 
that exposure to hypotonic media does not seriously influence the rate of 
Na output. 

The experiments were made in two ways (see Methods). In (a) the cells were 
exposed temporarily to hypotonic solution before making the experiment in 
isotonic solution and in (6) the tonicity of the solution was changed during the 
soaking-out period. Procedure (a) induced little, if any, difference in behaviour 
towards Na; thus cells after having been exposed to a mixture of isotonic 
solution (1 part) plus water (0-8 part) and then restored to isotonic solution, 
had a rate constant 0-28 hr-! compared with 0-30 hr- for untreated cells; in 
another comparison between cells pre-treated in a mixture of isotonic solution 
(1 part) plus water (0-5 part) and untreated cells the respective figures were 
0-26 and 0-27 hr. 

An experiment in which the procedure (b) was applied is illustrated in 
Fig. 5, together with the control. After 80 min soaking-out under isotonic 
conditions the fluid in one vessel was diluted to 1-4 x original volume with 
warm water. The volume of cells recovered from an aliquot of the suspension, 
with allowance for the dilution, permitted estimation of the degree of swelling. 
This came to about 1-3 x original volume (by calculation a perfect osmometer 
with 30% by volume solids would swell by [(70 x 1-4) + 30]/100 =1-28 times). _ 
The swelling brought about a reduction of cell K concentration, but not of the 
Na concentration, which in fact increased during the remainder of the period. 
The rate constant for Na output fell from 0-30 to 0-22 hr-*. This diminution 
corresponds rather closely to the reduction in surface/volume ratio caused by 
swelling. The surface area in fact changes but little, if at all (Ponder, 1948), 
but the volume of cell water becomes 1-4 times greater (assuming a perfect — 
osmometer). If Na output per unit area is constant, then swelling will reduce 
the rate constant per unit volume of cell water by a factor of 1-4; the factor 
found experimentally is 0-3/0-22 =1-36. The next operation in the experiment, 
namely, restoration of isotonic conditions, appears, within the limits of error 
of observation, to restore the rate constant to its original value. 

A similar experiment was made on a different sample of cells in which the 
fluid was diluted by a factor of 1-28. The cells swelled to 1-18 x original volume 
(calculated [(70 x 1-28) +30]/100 = 1-20) and the rate constant fell from 0-27 to 
0-24 hr-}. If output per unit area remained constant the swelling would reduce 
the rate constant per unit volume of cell water by 1-28 times; experimentally, 
the ratio 0-27/0-24 yields 1-13. 

Attention must be drawn to the fact that in these experiments a considerable 
volume of water enters the cells at the time hypotonicity is induced, and it 
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leaves again when NaCl is added to restore isotonicity. Movement of this 
water does not have any obvious influence on the Na transfer. 

In the experiments just mentioned, hypotonicity was maintained for only 
about an hour, and it might be objected that insufficient observations had 
been taken to establish that the rate constant had become reduced to a new 
steady value. Accordingly a pair of runs each lasting 5 hr was made on a batch 
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Fig. 5. **Na output from cells. The control line is obtained from one of the experiments of Fig. 1, 
and the experimental points refer to a sample of the same cells to which water was added 
(at 1 hr 20 min) sufficient to increase the volume of fluid by a factor of 1-4 and subsequently 


NaCl was added (at 3 hr 8 min) to restore isotonicity. The figures for K and Na are the 
concentrations in cell water at various times. 


of cells, one run being made as usual, and the other in hypotonic solution 
(volume 1-39 x original isotonic solution). The rate constants in the two runs 
were well maintained, the one in the isotonic solution being 0-25 hr-! and in 
hypotonic solution 0-185 hr- (ratio 1-35). 

The effect of previous haemolysis of part of the cells upon the rate of Na 
excretion from the remainder was studied. In certain runs during which 
haemolysis of some cells occurred (for no known reason) it was found that the 
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content of *Na did not continue to diminish according to the logarithmic law, 
i.e. the rate constant applying to cells more resistant to haemolysis appears to 
be lower than that applying to the more fragile cells when a mixture is present. 
This conclusion has been confirmed by direct experiment. A sample of cells 
from a healthy individual was examined both directly before and after removal 
of about half the cells by hypotonic haemolysis. The time course of the Na 
extrusion was the same in each case, only the last pair of points (at 4 hr) 


0 1 2 3 7 5 6 
Hours 


Fig. 6. The time course of the *Na output from untreated cells (from a case of polycythaemia) 
with curvature indicative of heterogeneity ; and from cells surviving hypotonic haemolysis of 
38% of the total cells. 


showing a slight divergence; presumably all the cells in the sample had nearly 
equal rates of Na extrusion. This, however, is not so if the blood does not 
behave in a homogeneous way, i.e. the *Na does not diminish according to the 
logarithmic law. For instance with blood from the case of polycythaemia, 
removal by haemolysis of 38% of the cells has a marked effect, as is shown in 
the two curves of Fig. 6. The cells surviving haemolysis seem to be more 
uniform, and the rate constant is lower than that applying even at the latter 
PH. CXXI, 31 


09 S53) 
44) 
0% 
‘ 
05 [45] 
mys 
JZ, 
§% 
% 
02 
a 
[29] | 
| 


482 BE. J. HARRIS AND T. A. J. PRANKERD 


end of the run made on untreated cells. The interpretation placed on this 
finding is that the more active cells are more sensitive to the hypotonicity 
than are the less active ones. 

It is known that partial hypotonic haemolysis preferentially removes young 
cells. Cruz, Hahn; Bale & Balfour (1941) and Stewart, Stewart, Izzo & Young 
(1950) reached this conclusion by studying dogs’ cells labelled with radio- 
active Fe. We examined the relative fragility of reticulocytes by plotting the 
fragility curve of cells from a patient with a haemolytic disorder and deter- 
mining the proportion of reticulocytes at each degree of haemolysis (Fig. 7). 
It appears that in the early stages the haemolysis is virtually restricted to the 
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Fig. 7. The degree of haemolysis and proportions of reticulocytes in cells exposed to 
solutions of diminishing tonicity. 


reticulocytes. Haden (1934), studying the relation between shape and 
fragility, showed that the more spherical cells, as are found in haemolytic 
- anaemia, are the more fragile, apparently because less water can be accommo- 
dated before bursting point is reached. It therefore appears likely that the 
more active cells, which are also the more fragile, are the younger cells in the 
population. One might expect that in pathological states with reticulocytosis 
the extrusion constant should invariably be raised, but this was not always so, 
as shown in two cases, one of an haemorrhagic anaemia (Table 2, line 7) with 
a reticulocytosis of 10°, and normal extrusion constant, and a second of 
a haemolytic anaemia (Table 1, line 7) in which the reticulocytes and the 
extrusion constant do not change in a parallel manner. It is possible that in 
these cases other properties of the cells besides their age have been affected. 


DISCUSSION 
| The results show that the rate constants associated with sodium output from 
the cells of a healthy individual remain the same over a long period of time, 
provided experimental conditions are kept constant. Modifications of the 
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state of the cells and of their turn-over in the body such as are brought about 
by disease are reflected in changed rate constants. A simple logarithmic law 
usually describes the time-course of the “Na content of cells which have 
previously been exposed for a short time (say 2 hr) to a solution containing 
the tracer, and which are then transferred to a tracer-free solution. 

When the time course of the *Na output does not follow a simple exponential 
law, there are two possible explanations of behaviour: (a) the cells may have 
deteriorated during the experiment or (5) the cells may have been hetero- 
geneous at the start, so that at first there is a rapid loss from the active cells 
and later a slower loss from the less active ones. Our technique biases the 
observed rate towards the faster if two or more constants apply to fractions 
of the cells. This is because the limited time of exposure to the tracer 
solution allows the more active cells to become more fully exchanged 
than the less active cells. As described, longer times of exposure (e.g. 
5-12 hr) lead to a reduction of the observed rate constant of the subsequent 
loss of Na. This cannot be explained by the presence of a proportion of less 
active cells in the original sample because such a mixture would give a complex 
time course having still a fast component due to the more active cells, whereas 
the time course found after long incubation still follows a simple exponential 
law but is slower than that of the sample after short incubation. It therefore 
appears necessary to suppose that a uniform deterioration of the cells takes 
place. However, when a curvature of the time course is found in short-term 
experiments (as in two curves of Fig. 4 and in the control curve of Fig. 6) 
it seems more reasonable to attribute it to cells of differing activity being 
present initially. 

Recently the exchange of Na and K between erythrocytes and plasma to 
which a proportion of tracer had been added has been studied by Solomon 
(1952). Cell samples taken at intervals from the radio-active plasma had to 
be subjected to extensive washing to remove extracellular radio-active 
material, and this necessitated application of corrections to the cell Na and 
*Na on account of the exchange taking place during washing. The rate 
constant thus found at 37° was 0-6+0-13 hr-, which is above our normal 
range. Solomon suggested that the difference between his and earlier figures 
of Harris & Maizels arises because some Na is inexchangeable, but this explana- 
tion does not seem adequate; in our method only exchangeable Na would be 
replaced by Na during incubation, so subsequent movement of “Na from 
the cells to solution would only relate to ‘mobile’ Na unless the immobilization 
occurs after entry of Na. The quantities of “Na in our cell samples after 
short incubation were close to the quantities expected on the basis of all the 
cell Na undergoing exchange with rate constant equal to that found in the 
latter part of the experiments. It seems possible that the rate constants 
applying to the cells in Solomon’s experiments changed during = — 
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of the run. The Na flux calculated either from his high rate constant (0-6 hr-') 
and low exchangeable Na content (5-2 m.equiv/l. namely, 3-1 m.equiv from 
each litre of cells, is close to ours derived from a rate constant of about 
0-3 hr-! and higher exchangeable Na content. 

Comparison of cells from pathological conditions with those from normals 
shows that the extrusion constant for “Na remains within the same limits in 
health and in a number of pathological conditions recorded in this paper 
(Table 2). In the cases of pernicious anaemia an increase of activity occurred 
during treatment. This increase might be related to the sudden discharge 
from a rejuvenated marrow of new cells which, compared with their pre- 
decessors, are normal morphologically and physiologically. The cells of 
pernicious anaemia show anisocytosis and may well function abnormally. 
Under treatment two stages in a return to a normal peripheral blood might be 
expected. First, one in which the cells are a mixture of original abnormal ones 
and new normal ones, and secondly, one in which all the original cells will have 
disappeared. These changes are apparent in our cases, but we have no explana- 
tion for the high constant in one case during maintenance therapy when the 
blood should be homogeneously normal. That vitamin B,, is not an important 
factor directly affecting the activity of mature erythrocytes is shown by the 
two values of rate constant for Na extrusion (before: 0-31 hr-'; after: 
0-38 hr-") from the cells of a case of disseminated sclerosis without anaemia, 
treated with this vitamin (Table 2, line 8). 

In many haemolytic disorders, the extrusion constant is raised above the 
usual limit, presumably either as a result of humoral factors affecting the cells, 
or a8 a consequence of excessive activity of the bone marrow and the high 
proportion of reticulocytes and young cells discharged into the peripheral 
blood. The effect of splenectomy producing a remission from haemolysis and 
a coimcident fall in extrusion constant is recorded in one case of acquired 
haemolytic anaemia (Table 1, line 4). The falling of the constant could have 
resulted from the removal of a splenic agent from the circulation or a reduction 
of marrow activity. Later, haemolysis recurred, reticulocytes rose, and the 
extrusion constant again increased. In a case of congenital haemolytic icterus 
(Table 1, line 5), splenectomy led to a cessation of haemolysis and an absence 
of reticulocytes, but no change in cell morphology. The extrusion constant 
remained raised, and in this case presumably reflected an inherent function 
of the cells themselves. Cortisone therapy led to a temporary rise in extrusion 
constant in the cells from a case of secondary haemolytic anaemia (Table 1, 

line 7) in spite of a diminution of haemolysis. This, it was thought, might be 
_ & direct effect of cortisone on the cells, but it is discounted by the fact that 
when given to a case of ankylosing spondylitis (Table 1, line 9) without 
anaemia which was regarded as a control, cortisone produced no reticulocytosis 
and no change in the extrusion constant. In one case of a leucoerythroblastic 
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anaemia (Table 1, line 8) secondary to a reticulosis, cortisone led to an increase 
in erythropoiesis, judged by a rise in reticulocytes, and to a simultaneous 
increase in extrusion constant. 

The conclusion from these experiments would appear to be that the rate of 
extrusion of “Na is related both to erythropoietic activity and to intrinsic 
properties of the red cells themselves. 


SUMMARY 


1. The rate of output of “Na from human red cells has been measured using 
a bicarbonate-chloride medium. The rate constants are higher than those 
previously obtained with use of a chloride-phosphate medium. 

2. Cells drawn from a normal individual show constant behaviour over 
a period of months. 

3. Cells from pernicious anaemia cases are caused to become more active 
upon administration of vitamin B,,, whereas cells from haemolytic anaemias 
(with rapid turn-over of cells in the body) are highly active and may become 
less so upon treatment. Cortisone administration does not reduce activity, 
even though it may reduce the rate of cell production. 

4. Normal cells can be caused to swell in hypotonic media either before or 
during observation of sodium output without significant effect upon their rate 
constant per unit area of cell. The rate constant per unit volume diminishes 
roughly in inverse proportion to the increase of cell fluid volume. 

5. Partial haemolysis in hypotonic solution has little effect upon the rate 
constant found for the residue of cells when normal cells are used, but does 
have an effect if abnormal cells are used. It appears that the more actively 
excreting cells are the more fragile. 


We have to thank Prof. M. Maizels for having suggested the investigation of the properties of 
abnormal cells. One of us (E. J. H). is in receipt of an expenses grant from the Government 
Grants Committee of the Royal Society, and has also to thank the Central Research Fund of 
London University for providing some of the apparatus. Miss P. A. Wills assisted in some of the 
experiments. Mr I. W. Young’s co-operation in providing a number of blood samples is greatly 
appreciated. These experiments were carried out on blood drawn for routine pathological 
investigations. We wish to thank the Physicians of University College Hospital for permission to 
study their cases. 
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THE RELATIONSHIP OF THE ADRENAL GLAND TO 
CONCENTRATION OF HISTAMINE AND NUMBER OF 
LEUCOCYTES IN THE BLOOD OF RABBITS 


By CHARLES F. CODE, PETER B. DEWS 
GEORGE M. HIGGINS 
From the Sections of Physiology and Anatomy, Mayo Foundation, University 
of Minnesota, and Mayo Clinic, Rochester, Minnesota 


(Received 30 January 1953) 


The effect of adrenalectomy on the concentration of histamine in the tissues 
of animals has been studied by several workers with some contradictory results. 
Rose & Browne (1941) found that the amount of histamine in the gastro- 
intestinal tract, liver and lungs of rats was increased after adrenalectomy but 
that little change occurred in the concentration of histamine in the blood. In 
studies by Marshall (1943), on the other hand, concentrations of histamine in 
the blood of adrenalectomized rats were found to be about 50% higher than 
those of intact rats. The amount of histamine contained in the blood of rabbits 
after adrenalectomy was found by Wilson (1941) to average more than twice 
the amount found before adrenalectomy. The determinations were made 
24 days after one-stage adrenalectomy when the administration of adrenal 
extract had been stopped for 12 hr and by which time symptoms of acute 
adrenal insufficiency had become marked. In Wilson’s experiments, an increase 
in the amount of histamine in the blood could be prevented or reversed by the 
administration of adrenal extract. 

The investigation which we wish to report was undertaken to test further 
the possible role of the adrenal gland in the maintenance of histamine in the 
blood of rabbits. Several series of experiments were carried out. The first 
experiments were made to determine whether or not the concentration of 
histamine in the blood of adrenalectomized rabbits maintained in good general 
condition for long periods with deoxycorticosterone (DOCA) differed from that 
of intact rabbits. The second series of experiments was done to test the effect 
of acute adrenal insufficiency on the histamine contained in the blood of 
animals which had been subjected to complete adrenalectomy long enough 
before the experiments, so that the operative procedures involved in adrenal- 
ectomy would not complicate the results. The third series was carried out to 
determine the effect of administration of cortisone and of sensitization with 
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a foreign protein on the histamine contained in the blood of intact and 
adrenalectomized rabbits. Finally, observations were made on the effect of 
adrenalectomy and of cortisone on the number of leucocytes in the blood. 


MATERIALS AND METHODS 


Rabbits of mixed breed and both sexes were used. Adrenalectomy was performed in two stages, 
allowing at least 1 week to elapse between operations. Cortisone acetate (10 mg) was administered 
intramuscularly at the time of removal of the second adrenal gland. Subsequently, the adrenal- 
ectomized rabbits were maintained in good general condition by daily intramuscular administration 
of 1 mg of deoxycorticosterone acetate in oil. Studies of the blood were not begun until at least 
10 days after removal of the second adrenal gland. Sixteen adrenalectomized rabbits were studied. 

Five mg of an aqueous suspension of cortisone acetate was given intramuscularly daily for 
3 days to six intact and six adrenalectomized rabbits. Studies of the blood were made before 
cortisone was administered, and 24 hr after the last dose. 

Sensitization was effected by daily intracutaneous injection of 0-2 ml. of a 1:5 dilution of fresh 
egg-white in 0-9% (w/v) sodium chloride. The injections were continued until signs of an active 
Arthus’s reaction developed. The time varied from 5 to 8 days in this series of rabbits. Determina- 
tions of histamine were performed on the twelfth and nineteenth days after the start of sensitiza- 
tion. Two intact and four adrenalectomized rabbits were sensitized. 

Blood was obtained by cardiac puncture with the animals under ether anaesthesia. It was drawn 
into siliconed syringes containing a little heparin. Samples were taken directly from the syringe 
for determination of the total number of leucocytes present and for smears for differential 
leucocyte counts. It was not found possible to enumerate satisfactorily the eosinophils by the 
available chamber technique. Duplicate samples of the blood in the syringe were extracted by 
a modification of the method of Barsoum & Gaddum, and the histamine contained therein was 
determined by assay on the guinea-pig gut (Code, 19374). The concentration of histamine is given 
in terms of the free base. 


RESULTS 


The mean concentration of histamine in the whole blood of thirteen intact 
rabbits was 3-1 + 0-24 ug/ml. of sixteen adrenalectomized rabbits maintained 
on deoxycorticosterone it was 2-7+0-28yg/ml. the difference was 0-4+ 
0-36 ug/ml. which clearly is not significant (Table 1). These adrenalectomized 
rabbits were in good general condition, maintaining their weight, appetite and 
vigour at the time blood samples were taken. 


Taste 1. Effect of adrenalectomy on concentration of histamine in whole blood of rabbits 


No. of Mean histamine 
Status of rabbits rabbits (ug/ml. blood) 8.E. 
Intact 13 gy +0-24 
Adrenalectomized, maintained 16 2-7 
on DOCA £028 
Difference of means 0-4 +0-36 


All sixteen rabbits subjected to adrenalectomy showed signs of acute adrenal 
insufficiency at death. Seven rabbits died after ether anaesthesia while receiving 
deoxycorticosterone. Of the nine which remained, seven died within 2 weeks 
of cessation of treatment with deoxycorticosterone, and all were dead within 
3 weeks of cessation of therapy. Adrenal tissue was not found at necropsy 
in any of the adrenalectomized rabbits. 
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In seven rabbits samples of blood were obtained after the onset of the 
terminal symptoms of adrenal insufficiency following cessation of treatment 
with deoxycorticosterone. Most of these samples were taken a few hours 
before death. All samples were taken within 48 hr of death and all were from 
animals showing marked prostration and diarrhoea. The concentration of 
histamine in these samples was not consistently different from that found 
in the same rabbits while they were in good condition on deoxycorticosterone. 
The mean percentage change was 3-5 with a standard error of 14-9 (Table 2); 
it is very improbable (P <0-05) that these results would have been obtained 
if it were true that the occurrence of acute adrenal insufficiency in such rabbits 
leads to an average rise in concentration of histamine in the blood of +35% 
or more. 


TaBiz 2. Effect of acute adrenal insufficiency on concentration of histamine in whole 
blood of seven adrenalectomized rabbits 


Mean histamine 
Status of rabbite (ug/ml. blood) 
Maintained on DOCA. Good general 3-51 
condition 
No therapy. Blood taken <48 hr 3-33 
before 
Mean change, % +3-5+ 14-9 (s.z.) 
TaBLE 3. Effect of administration of cortisone on concentration of histamine in 
whole blood of rabbits 
Mean histamine 
Status (ug/ml. blood) 
Intact (six rabbits) 
Before cortisone 311 
Cortisone 2-80 
Mean change, 10-34 8-1 (s.8.) 
Adrenalectomized (seven rabbits) 
DOCA only 3-14 
DOCA + cortisone 


3-42 
Mean change,% 19-34. 19-8 (s.z.) 


The administration of cortisone had no effect on the concentration of 
histamine in the whole blood of either intact or adrenalectomized rabbits. 
The histamine in the blood of intact rabbits averaged 3-1g/ml. before and 
2-8 ug/ml. at the end of treatment with cortisone. The averages for the 
adrenalectomized rabbits were 3-14 and 3-42ug/ml. respectively. Neither of 
these differences is statistically significant (Table 3). 

The blood of two intact rabbits which were sensitized did not show any 
appreciable change in concentration of histamine. The blood of all four 
adrenalectomized rabbits had a lower concentration of histamine on the 
twelfth day of sensitization than before sensitization, and in three of them it 
was still lower on the nineteenth day. The decrease found on the twelfth day 
was significant at the 5% level by the ‘Student’s t’ test (Table 4). 
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The total number of leucocytes and the number of polymorphonuclear 
leucocytes and lymphocytes of the adrenalectomized rabbits maintained on 
deoxycorticosterone did not differ significantly from those of intact rabbits 
(Table 5). The administration of cortisone to both intact and adrenalectomized 
rabbits led to a decrease in total number of leucocytes, an increase in the 
number of polymorphonuclear leucocytes and a marked decrease in the number 
of lymphocytes (Table 5). Statistically the decrease in the number of lympho- 
cytes was highly significant in both the intact and the adrenalectomized rabbits. 


Taste 4. Effect of sensitization on concentration of histamine in whole blood of rabbits 


Mean histamine 
(ug/ml. blood) Mean change, % 


Intact (two rabbits) 
Before sensitization 2-2 
After sensitization 
Twelfth day 2-0 -8 
Nineteenth day 20 -9 
Adrenalectomized (four rabbits) 
Before sensitization 3-2 a= 
After sensitization 
Twelfth day 1-8 — 39+ 10 (s.z.) 
Nineteenth day ~ 23+ 19 (s.z.) 
Tastz 5. Effect of adrenalectomy and of administration of cortisone on circulating 
leucocytes of rabbits 
Mean cell counts, thousands per mm* 


~ 


Total Polymorpho- 
Status and treatment leucocytes nuclears Lymphocytes 
Intact (six rabbits) 


No treatment 13-7 5-7 8-1 
Cortisone 10-8 8-2 2-5 | 
Mean change % —-19-2411-4* +4674270* -690+6-1* 
Adrenalectomized (six rabbits) 

DOCA alone 12-2 53 6-4 
DOCA + cortisone 10-3 6-7 3-9 

Mean change, — 12-3+12-6* +45i+41-2* —35-8+10-6* 

* Standard error. 
COMMENT 


The absence of evidence of an increase in the concentration of histamine in 
the blood associated with the development of adrenal insufficiency in the 
rabbits in this study is in marked contrast to the large increase found by 
Wilson. None of the studies which we have reported on rabbits having 
adrenal insufficiency were made within 1 month of adrenalectomy, whereas 
Wilson’s observations were made 2} days after operation. This difference in 
timing may account for the difference in the results. It is unlikely that the 
physiological changes resulting from adrenalectomy would be complete in 
24 days, even though death from acute adrenal insufficiency were imminent. 

Symptoms of adrenal insufficiency developed much sooner after cessation 
of therapy in Wilson’s animals than in ours. Several factors probably 
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contributed to this difference. In the first place, the animals used by Wilson 
were much younger (3-4 months of age) than those used in our study (probably 
more than 1 year in all instances). Young animals are often more susceptible 
to adrenal deprivation than older animals. Secondly, deoxycorticosterone in 
oil was used as maintenance therapy in this study, and its effects would be 
expected to persist longer than the aqueous adrenal extract used by Wilson. 
Finally, whereas the animals in our study recovered completely from the 
traumatic effects of operation, some of the effects of surgical measures per- 
formed 24 days previously might be expected to have persisted in Wilson’s 
animals and to have hastened the onset of acute adrenal insufficiency. The 
survival periods observed in our study are in general agreement with those 
reported by Vogt (1943). 

The administration of cortisone had no effect on the concentration of 
histamine in the blood of either intact or adrenalectomized rabbits. That the 
dosage was sufficient to cause typical pharmacological effects of cortisone is 
shown by the marked decrease in the number of circulating lymphocytes. The 
changes in the number of circulating leucocytes reported herein are in agree- 
ment with those reported by other workers. The results confirm the general 
conclusion that circulating lymphocytes do not contain significant quantities 
of histamine (Code, 19375). 

SUMMARY 

1. The concentration of histamine in the blood of adrenalectomized rabbits 
maintained in good condition for long periods on deoxycorticosterone did not 
differ from that of intact rabbits. 

2. The development of acute adrenal insufficiency in rabbits adrenal- 
ectomized several weeks previously was not associated with any consistent 
change in the concentration of histamine in the blood. 

8. Administration of cortisone did not change the concentration of 
histamine in the blood of intact or adrenalectomized rabbits, although the 
doses employed caused a decrease in the number of circulating lymphocytes 
and an increase in the number of circulating polymorphonuclear leucocytes. 


The cortisone acetate was kindly provided by Merck and Oo., Inc., Rahway, N.J. 
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THE EFFECTS OF DISUSE AND OF ACTIVITY ON 
MAMMALIAN SPINAL REFLEXES 
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Dunedin, New Zealand 
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Investigations into the long-term effects of procedures such as nerve or muscle 
transposition have, on the whole, provided little evidence favouring the 
existence of plasticity in simple reflex systems (Cunningham, 1898; Sperry, 
1941, 1942). On the contrary, the balance of evidence indicates a remarkable 
stability of the neurone patterns underlying mammalian spinal reflex activity 
(Sperry, 1945). However, this failure to find clear evidence of gross reflex 
remodelling does not necessarily imply the absence of plastic properties at 
spinal synaptic junctions, since the very nature of these earlier experiments 
precluded the possibility of observing subtle changes in reflex function. Should 
there be substance in the postulate of synaptic plasticity as an integral part 
of the mechanism underlying learning and memory (Tanzi, 1893; Cajal, 1911; 
Konorski, 1948, 1950; Toennies, 1949), it is reasonable to suppose that simple 
synaptic junctions, even at spinal levels, in some measure share this property 
with the synapses of higher central nervous levels. This supposition gains 
plausibility from the recent demonstration of a relatively enduring enhance- 
ment, in monosynaptic reflex arcs, of the excitatory effectiveness of a given 
presynaptic volley after a burst of repetitive activity in the same presynaptic 
fibres (Lloyd, 1949; Eccles & Rall, 1950, 1951a). Since, under natural con- 
ditions, prolonged repetitive firing at various rates of at least many pro- 
prioceptive afferent fibres must be the rule (Matthews, 1933), it is germane to 
inquire to what extent the ‘normal’ level of synaptic excitatory effectiveness 
can be attributed directly to this continued presynaptic bombardment. The 
primary object of the present investigation was to determine whether in fact 
prolonged inactivity of the afferent limb of a monosynaptic reflex arc leads to 
a decrease in the excitatory power of single presynaptic test volleys, and 
further, whether any such‘deficiency in synaptic excitatory action can be 
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restored by repetitive activity of the afferent fibres involved. A brief account 
of the principal results of this investigation has already appeared eco & 
McIntyre, 1951). 


METHOD 


Inactivity of presynaptic fibres was brought about by operative section of selected dorsal roots 
in cate anaesthetized with pentobarbitone. After excising the laminae of the last two lumbar 
vertebrae, the appropriate spinal nerve roots were exposed as far distally as possible by cautious 
removal of bone. The selected dorsal roots (usually the seventh lumbar and first sacral) were then 
isolated, without entering the medullary intradural space, by slitting the dural sleeve surrounding 
each root and carefully separating the dorsal root with ganglion, from the subjacent ventral root. 
Each dorsal root was severed, as far as could be judged, just beyond the distal pole of the ganglion. 
This procedure achieves the object of interrupting the normal impulse barrage along the root, 
directed processes. Every effort was made to minimize injury to the ganglia and to the ventral 
roots, although in some instances slight damage was unavoidable, especially to motor fibres 
turning back to enter the dorsal primary division. Since the symmetrical roots of the opposite 
side were to serve as controls, they were left intact, but in a number of instances they were 
subjected to a dummy operation in which isolation but not actual severance of the appropriate 
dorsal roots was carried out. All operations were performed with aseptic precautions and, after 
recovery, the animals were exercised daily by about 30 min walking in a simple treadmill. 

Twenty-one to forty days after the operation each animal was again anaesthetized with pento- 
barbitone, and a careful comparison made of the reflex activity on the two sides of the cord 
segments pertaining to the severed roots, and of adjacent segments. The spinal cord was first 
divided in the lower thoracic region to eliminate the possibility of reflex inequality caused by tonic 
asymmetrical discharge of suprasegmental origin. Reflex responses were evoked by single dorsal 
root volleys set up by shocks of sufficient strength to excite all the large (group I) afferent fibres, 
and were recorded either from nerves supplying various muscles of the hind limb, or from 
appropriate ventral roots, by means of the usual amplifier and cathode ray oscillograph. The 
effects on each test response of brief periods of rapid tetanic stimulation of the appropriate dorsal 
root (post-tetanic potentiation) were also observed. Two types of tetanic stimuli were employed, 
either about fifty shocks at 300 per sec with the test shock falling 0-15 sec after the last stimulus, 
or a longer tetanus consisting of 5000-7500 shocks at 300-500 per sec, the first test shock in this 
case falling several seconds after the end of the tetanus. 

Before embarking on the reflex survey, completeness of root section and absence of effective 
regeneration were checked oscillographically by searching for directly conducted spikes in a series 
of muscle nerves while stimulating in continuity the intradural portion of each operated dorsal 
root. Care was taken throughout each experiment to achieve as much symmetry as possible in 
dissecting roots and nerves and in electrode placement, so as to enhance the significance of the 
comparison between the two sides. Histological examination of the roots, ganglia and peripheral 
nerves on the two sides was subsequently carried out. The ganglia stained with toluidine blue were 
cut longitudinally, while the nerves and roots were stained in 05% osmic acid and cut 
transversely. 

Histology 


It was apparent upon microscopical examination of the dorsal roots that some injury had been 
inflicted on the ganglion in most instances, despite all efforts to avoid this undesirable 
The damage was revealed by comparing each operated root with its normal fellow of the opposite 
side, In a féw cases obvious deficiency of fibres was apparent in relatively large areas of the 
affected dorsal root, but, more commonly, degeneration of fibres was confined to one or a few 
root fascicles, Fortunately, some of the operated dorsal roots were entirely free from this complica- 
tion, as far as could be estimated by careful inspection. In view of the large amount of histological 
material and the tremendous number of fibres in these roots, it was judged impracticable to carry 
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out complete counts with full measurements of individual fibres. The degeneration of fibres in one or 
a few root fascicles is most probably the result of failure adequately to clear the distal pole of the 
ganglion when cutting the dorsal root. Examination of the ganglia in such cases usually showed 
cell bodies immediately adjacent to the site of operative section, some of them in process of 
strangulation by fibrous tissue. The more extensive degeneration occasionally observed was 
probably brought about by the additional factor of pressure on the ganglion or interference with 
its blood supply occasioned by dense post-operative scar tissue, which was commonly observed 
post-mortem in the vicinity of the operated ganglia. 

Even those operated roots in which no actual loss of fibres had occurred proved to have under- 
gone some histologically detectable change when carefully compared with their normal fellows of 
the opposite side. Direct measurements of the largest fibres to be seen on each side showed that 
some reduction in the diameter of such fibres had occurred on the side of the operation. This fibre 
shrinkage, amounting to some 10%, can be compared with the axonal shrinkage which takes place 
in the central stump of a regenerating peripheral nerve (Gutmann & Sanders, 1943; Sanders & 
Whitteridge, 1946). If, as seems likely, fibre shrinkage of this kind takes place because outflow 
of axoplasm exceeds its rate of manufacture during regeneration, with consequent reduction of 
axonal turgor (Bodian & Mellors, 1945), then it appears impossible to achieve fully the aim of 
silencing presynaptic pathways by operation without altering such pathways in any other respect. 
Nevertheless, it is considered that this complication does not seriously weaken the significance of 
the data to be presented, though the arguments favouring this conclusion must be deferred until 
the experimental results have been fully described. | 


RESULTS 
ects of di vr 
, Effects of disuse on reflex activity 


Gastrocnemius-soleus. In the series illustrated in Fig. 1 a dorsal root volley 
(maximal for group I fibres) evoked reflex spikes in gastrocnemius nerve which 
were much larger on the control side than on the operated side. This disparity 
was also observed but to a lesser éxtent during post-tetanic potentiation, 
which, however, persisted for a much longer time on the operated side (see 
Fig. 4). 

The latent period of the reflex spike was considerably longer on the operated 
side; 3-6 as against 3-0 msec, before potentiation, and 3-2 as against 2-85 msec 
for the shortest values during post-tetanic potentiation. From measurements 
of the pathways 2-0 msec may be subtracted for total conduction time in the 
afferent and efferent pathways (the cat’s temperature was low, 36° C). Direct 
measurement has shown that the conduction velocities in the efferent fibres 
are on the average about 5% slower on the operated side, an effect which 
plausibly may be attributed to delay in traversing the segment of the ventral 
root passing through the post-operative scar tissue. Direct measurement has 
also shown that the conduction velocity was about 10-15% slower for the 
operated dorsal roots. Since the conduction time for this part of the reflex 
pathway would be about 0-2-0-3 msec, the additional conduction time would 
be about 0-03 msec, while considerably less than 0-1 msec additional would 
occur for the delayed conduction in efferent fibres out to the peripheral nerves, 
making a total of about 0-1 msec in all. Thus in Fig. 1 the approximate central 
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delays would be for the normal side 1-0 msec shortening to 0-85 msec during 
post-tetanic potentiation, and for the operated side 1-5 msec shortening to 
1-1 msec during post-tetanic potentiation. On the normal side the times are 
in good agreement with standard values for the monosynaptic reflex (Lloyd, 
19434), but on the operated side the values are rather long, particularly for 
the unpotentiated reflex. However, during the decline of the post-tetanic 


Fig. 1. Monosynaptic reflex discharges in the nerves of gastrocnemius muscle in response to single 
volleys in the combined seventh and eighth post-thoracic dorsal roots. Forty days before the 
experiment illustrated, the sixth, seventh and eighth post-thoracic dorsal roots had been 
severed extra-ganglionically on the left side. Responses of left-hand column (labelled 0) 
are those of the left or ‘operated’ side; in the right-hand column (labelled N) are seen 
responses of the right, or normal, side of the same animal. The topmost response (marked c) 
on each side is a sample of the many control responses to a single volley in the absence of 
previous tetanic presynaptic stimulation; between the first and second records of each 
column, repetitive stimulation of the appropriate dorsal roots was carried out (6000 volleys at 
400 per sec). The figures above each further response show the time, in minutes and 
seconds, at which it was elicited after cessation of the conditioning tetanus. Amplification the 
same for the responses of both sides. 


potentiation all transitions existed between the central delays of 1:1 and 
1-5 msec, hence all the reflex responses of Fig. 1 must be monosynaptic. They 
would thus conform with the standard extensor response as described by 
Lloyd (19434, 5). 

Fig. 1 is typical of our experiments in showing a much larger reflex response 
on the normal side, but usually (seven of our ten experiments) the disparity 
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has been even greater, a dorsal root volley failing to evoke any monosynaptic 
reflex response on the operated side, while large reflexes occurred on the 
normal side (Fig. 2A). 

However, during post-tetanic potentiation a dorsal root volley on the 
operated side has always evoked a reflex discharge into gastrocnemius nerve 


Fig. 2. Reflex discharges into gastrocnemius nerves in response to dorsal root volleys in three 
different animals. 


A compares the responses on the operated (0) and normal (1) sides of the same.animal to 
single volleys in the seventh and eighth post-thoracic dorsal roots, severed on the left side 
40 days before. The upper record (c) on each side is the response without a preceding con- 
ditioning tetanus. The two lower records (S.7.) show potentiated responses 0-15 sec after 
the end of a short tetanus of about 50 volleys at 300 per sec. Amplification the same for 
responses of normal and operated sides. 

B, another animal. Discharges of gastrocnemius motoneurones to single volleys in the 
right seventh and eighth post-thoracic dorsal roots, which had been severed 38 days 
previously. Upper record, unpotentiated response. The other three records were taken at 
the times indicated after cessation of a conditioning tetanus of 7500 volleys at 500 per sec. 

C, responses of gastrocnemius motoneurones in another animal to stimulation of the seventh 
and eighth post-thoracic dorsal roots on the normal (unoperated) side. As in B, the upper- 
most record is a control (unpotentiated) response, and the others were taken at the times 
indicated after the end of a similar conditioning tetanus. 


which was early enough to be identified as monosynaptic, though the central 
delay has uniformly been longer than on the normal side—the disparity being 
as much as 0-5 msec. Furthermore, on the operated side much later reflex 
responses were often observed. Thus in Fig. 2.4 the potentiated reflex response 
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was double, the first spike having a calculated central delay of 1-0 msec, the 
second of 2:1 msec. Clearly the first was a monosynaptic and the second would 
appear to be a disynaptic reflex response. The significance of such delayed reflex 
discharges is considered more fully elsewhere (pp. 498, 509). Again in Fig, 2B 
the potentiated reflex response had a still later component with a calculated 
central delay of about 2-5 msec, which is 1-5 msec longer than for the initial 
‘monosynaptic spike. Such a delay is long enough for two extra synapses, 
i.e. the second reflex spike in Fig. 2B could be a trisynaptic response. On the 
operated side there have been discharges suggesting disynaptic or trisynaptic 
(or mixtures thereof) additions to the monosynaptic reflex in seven of our ten 
experiments on gastrocnemius reflexes. Usually these complications were 
observed during post-tetanic potentiation (cf. Fig. 2.4, B), but in two wer 
have also occurred with the unpotentiated reflex. 

Even on the normal side there have been occasional observations sadinating 
that monosynaptic reflex spikes were complicated by later disynaptic responses, 
for example, in Fig. 2C during the height of post-tetanic potentiation, and 
a trace may also be seen in Fig. 2A under similar conditions. However, such 
responses are much more frequent and prominent on the operated side. 

Planiaris and semimembranosus. Similar investigations on two other 
extensor muscles (plantaris, four experiments; and semimembranosus, six 
experiments) have yielded substantially similar results. With the exception of 
one semimembranosus experiment (with approximate equality on the two 
sides) the reflex discharges have always been much larger on the normal side, 
and even post-tetanic potentiation has sometimes failed to cause the generation 
of monosynaptic reflexes on the operated side. Delayed reflex discharges have 
likewise been prominent on the operated side. 

Flexor longus digitorum, Similar changes were seen an the reflex responses 
recorded ftom the nerve to flexor longus digitorum in each of the eleven 
experiments on it. However, apparent polysynaptic reflex discharges were 
almost always observed after the monosynaptic response on the normal side. 
The delayed discharges were much more prominent on the operated side, in 
contrast with the monosynaptic response which was small or absent. During 
post-tetanic potentiation, the monosynaptic response usually increased con- 
siderably at the expense of the later discharge, and the latency was shortened 
much as with the other extensor muscles examined. 

Discussion, According to Lloyd (1948.0, b) motoneurones of an extensor muscle are not 
ordinarily excited by dorsal root fibres other than those of large diameter (group I) which arise 
from receptors in the same muscle or its synergists, and the reflex path of such myotatic reflexes is 
exclusively monosynaptic. It is important therefore to consider possible alternative explanations 
of the subsidiary spikes that occur in the reflex responses of Fig. 2. 

(i) Monosynaptic reflex discharges in the small motor fibres. If such reflex discharges occurred 
in the small motor fibres—and there is no evidence as yet that they occur (cf. Hunt, 1951)—then 
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from the spinal cord to gastrocnemius muscle, impulses in the small motor fibres would lag by at 
least 2-5 msec (more still for plantaris and flexor longus digitorum), and the size of such spikes 
would be much smaller than those recorded in our experiment (Leksell, 1945). This explanation is 
therefore excluded. 

(ii) Reflected impulses generated by the out end of the motor nerve acting as an artificial 
synapse (the Hering effect). Such an explanation can be excluded for nerves on the operated side 
because there would be almost complete degeneration of afferent fibres to gastrocnemius, plantaris 
and flexor longus digitorum, and the artificial synapse functions almost exclusively from motor to 
afferent fibres (Granit, Leksell & Skoglund, 1944). Furthermore, the ‘synaptic delay’ for the 
Hering effect is only 0-1-0-3 msec (Granit & Skoglund, 1945), hence the reflected spike should be 
recorded at no more than 0-5 msec after the first, for our proximal recording electrode was never 
more than 15 mm from the killed end. In Fig. 20 the subsidiary spike was about 1-5 msec after 
the first. Furthermore, the Hering effect could not account for the very complex reflex spikes 
often recorded from flexor longus digitorum on the normal side. 

Since these explanations can be excluded, there seems no alternative but to assume that the 
subsidiary spikes in Fig. 2 were due to reflex discharges from motoneurones along the larger motor 
fibres. The suggestion might be made that a single monosynaptic bombardment of the moto- 
neurones could generate a double discharge at an interval of a millisecond or so, such as has been 
recorded in response to repetitive activation (Denny Brown, 1929; Eccles & Hoff, 1932; Hoff & 
Grant, 1944). It is difficult to exclude this explanation for some observations on the normal side, 
where the subsidiary wave has been observed only when there has been maximum potentiation 
(Fig. 2A, C). However, when a double reflex spike has occurred with the unpotentiated response 
on the operated side, potentiation has always diminished the second reflex spike, which has 
reappeared as the potentiation has passed off. This effect is explicable if motoneurones discharging 
during the second reflex spike of the unpotentiated response have been caused by the potentiation 
to discharge during the first spike, an explanation which excludes the interpretation of the second 
spike as a double discharge. It should further be noted that double discharges have hitherto been 
reported only for repetitive bombardment of motoneurones, and there is reason to believe that 
after the generation of a reflex discharge by a single volley, any residual synaptic excitatory state 
remaining after the initial monosynaptic bombardment is unable to generate a second discharge 
(Brooks, Downman & Eccles, 1950; Brock, Coombs & Eccles, 1952a, 6). Thus at least in some of 
our experiments it may be postulated that the single dorsal root volley has caused a double 
bombardment of the motoneurones, the first monosynaptic and the second delayed by traversing 
at least one synapse. This. postulate provides the simplest explanation for the double reflex 
discharges (or stil] more complex spikes) observed in our other experiments. If this interpretation 
is correct, the delayed discharges of Fig. 2 apparently are at variance with the findings of Lloyd 
(1943.4, 6). From the very nature of our experiment (extra-ganglionic section of dorsal root fibres) 
it is not possible to determine if such apparently polysynaptic responses are set up by impulses 
in the group I afferent fibres of the extensor muscle under investigation. The afferent fibres 
concerned have a relatively low threshold but are otherwise unidentifiable, and conceivably 
be group II fibres from cutaneous or joint receptors. 


Flexor muscles 


Biceps-semitendinosus. Fig. 3A, B and C illustrate three of our eight 
experiments on the reflex discharge into biceps-semitendinosus nerve. On the 
normal side the dorsal root volley evoked the characteristic complex discharge 
(cf. Lloyd, 19436), the initial monosynaptic reflex being succeeded by 
disynaptic and later polysynaptic reflex discharges, which were particularly 
evident in Fig. 3C. On the operated side the monosynaptic reflex always had 
a@ longer latent period and was much smaller, ranging from about half the 
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, control in Fig. 3B to a barely detectable discharge in Fig. 30, while in contrast 
, the disynaptic reflex was either as large as (Fig. 3C) or larger than (Fig. 3 A, B), 
that on the control side. Post-tetanic potentiation greatly increased the 
monosynaptic reflex spikes on both sides and usually the disynaptic reflex was 


Fig. 3. Reflex responses of combined biceps and semitendinosus nerves evoked by dorsal root 
volleys, in three different animals. As before, responses on the left (0) were from the operated 
figure (1). 

| A, the combined sixth and seventh post-thoracic dorsal roots provide the afferent channe 
on each side for the reflex responses shown, those on the left side having been severed 40 days 
] previously. The potentiated responses were elicited after a standard long conditioning tetanus 
of 6000 volleys at 400 per sec. 

B, another animal. As in A, except that the seventh and eighth dorsal roote formed the 
afferent channel, those on the right side having been operatively silenced for forty days. 
| Conditioning tetanus as in A. 

) C, another animal. Left seventh and eighth post-thoracic dorsal roots severed forty days 
, previously. As in B, both these roots stimulated together on each side to give the responses 
reproduced. Note the minute monosynaptic reflex in the unpotentiated response (c) of the 

operated side, and the prominent polysynaptic flexor reflex discharge on both sides. Potentia- 
tion was brought about in this experiment by a short tetanus of about 50 volleys at 300 per sec 
, preceding each response labelled 9.7’. by 0-15 sec. Amplification the same for reflexes of 
operated and normal sides in each of the above series, with the exception of the lowermost 
record in C on the normal side, which was photographed at one-quarter the amplification 
employed for the other responses of C. 
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diminished during the height of the potentiation, but in Fig. 3B there was an 
accentuation of the disynaptic reflex on the normal side, as has already been 
seen with the delayed response to some extensor muscles (Fig. 2C and possibly 
2.4). There was also the usual shortening of central delay during post-tetanic 
potentiation. In our other five experiments the discrepancy between the 
operated and normal sides was greater than in Fig. 3.4, B and C, for in four 
a dorsal root volley set up only polysynaptic reflexes, in contrast to the 
monosynaptic reflexes invariably seen on the normal side, and in two even 
post-tetanic potentiation failed to restore monosynaptic reflexes. 

Deep peroneal nerve (innervating tibialis anticus and extensors digitorum 
longus and brevis). The other flexor group of muscles that we have investigated 
has been the group of dorsi-flexors of the ankle and toes supplied by the deep 
peroneal nerve. In only four of our eight experiments was a monosynaptic 
reflex evoked on the normal side, and it was seen on the operated side in one 
experiment and then only during post-tetanic potentiation. The absence of 
a monosynaptic reflex to this group of muscles is commonly observed in 
animals under barbiturate anaesthesia. As with biceps-semitendinosus 
reflexes, disynaptic and later polysynaptic reflex responses were prominent 
on both sides, and in all but one experiment (with approximate equality) these 
reflexes were much greater on the normal side. 

Summary. In summary, flexor muscles differed from extensor solely in the 
greater prominence of the late, presumably polysynaptic, reflexes. In both 
groups of muscles the monosynaptic reflexes were smaller and later on the 
operated side, while the disynaptic reflexes were larger. Post-tetanic potentia- 
tion increased the monosynaptic reflexes on both sides, but the discrepancy of 
latency and size was still present. Usually potentiation of the monosynaptic 
reflex was associated with a diminution or extinction of the disynaptic reflex, 
but on occasion the disynaptic reflexes were increased. Doubtless the poly- 
synaptic reflexes to flexor muscles are largely (if not entirely) attributable to 
group II afferents from cutaneous and joint receptors (Lloyd, 1943a, 5; 
Gardner, 1948), which would be stimulated in the dorsal roots. The strength 
of stimulation was usually not adequate to excite an appreciable fraction of 
the group III fibres (Lloyd, 19436; Brock, Eccles & Rall, 1951). 


Reflexes recorded from ventral roots | 

_ Our investigation has been restricted to segmental reflexes, i.e. from dorsal 
root to its companion ventral root. As would be expected, the reflex discharges 
recorded from ventral roots have shown, in every one of the fourteen segmental 
reflexes that we have investigated, the same discrepancies (size and latency) 
between the normal and operated sides that have been observed when recording 
from nerves to extensor or flexor muscles. The principal significance attaching 
to such records concerns the latency of the reflexes on the two sides, for any 
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error in the allowance for conduction time in the peripheral pathway is con- 
siderably diminished by the great shortening of that pathway. It is of 
significance, therefore, that the latent period of the monosynaptic reflex was 
always longer on the operated side, the mean difference being 0-35 msec for 
the six experiments in which a segmental monosynaptic reflex occurred on the 
operated side. After post-tetanic potentiation the mean difference was reduced 
to 0:25 msec. Evidently this difference must largely be attributable to a 
lengthening of the central delay on the operated side, the calculations from 
the times for reflexes recorded from peripheral nerves being thus substantiated. 


Time (sec) 


Fig. 4. Time course of post-tetanic potentiation of monosynaptic reflex discharge into gastroc- 
nemius nerve after a conditioning tetanus of 6000 volleys at 400 per sec. Ordinates, size of 
reflex spikes in mV ; abscissae, time in seconds after cessation of conditioning tetanic stimula- 
tion. Crosses plot gastrocnemius reflex spikes on the normal side in response to single volleys 
in the seventh lumbar dorsal root; circles indicate responses of gastrocnemius on the operated, 
side to similar volleys in the corresponding dorsal root, which had been severed 40 days 
previously. To the left of the vertical line drawn through zero time are plotted the control 
spike sizes before tetanization, the horizontal broken lines showing mean spike voltages at 
respective control levels. The lowermost of these (open circles) indicates the size of the 
‘disused’ gastrocnemius reflex before any tetanic conditioning; the remaining open circles 
plot the course of potentiation evoked by the first conditioning tetanus of the experiment. 
The solid circles plot the effects of another similar conditioning tetanus several hours later. 


Effect of repetitive activity on the operatively inactwated reflex pathway 

Time course of post-tetanic potentiation. Fig. 1 shows that repetitive activa- 
tion of an operatively silenced reflex pathway gave a post-tetanic potentiation 
comparable in degree with that on the normal side, but having a more pro- 
longed time course, for some 8 min after tetanic stimulation the monosynaptic 
spike was still much larger than the initial control value. The plotted curves 
of Fig. 4 show also that the maximum potentiation was reached at about 
30 sec after the conditioning tetanus (6000 volleys at 400 per sec), as against 
a value of less than 10 sec on the normal side. 

The series illustrated in Figs. 1 and 4 showed the effects of the first dorsal 
root volleys and the first conditioning tetanus of the dorsal root after the 
operatively induced inactivity of 40 days. A similar series is shown in Fig. 5, 
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which gave a striking example not only of the slow time course of the post- 
tetanic potentiation, but also of the residual potentiation that remained at a 
stabilized level for intervals beyond 6 min post-tetanically. Fig. 5B shows that 
the monosynaptic reflex to biceps-semitendinosus exhibited a behaviour iden- 
tical with that to gastrocnemius in Figs. 4 and 5A. In all of our experiments 
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Fig. 5. Time course of post-tetanic potentiation of monosynaptic reflexes elicited by stimulation 
of seventh and eighth post-thoracic dorsal roots, which had been severed 38 days previously. 
Ordinates, size of reflex responses in mV; abscissae, time in seconds after cessation of con- 
ditioning tetanic stimulation. 

A, gastrocnemius responses. Broken line indicates mean control size of reflex before any 
tetanization. Open circles plot course of potentiation brought about by first conditioning 
tetanus of 7500 volleys at 500 per sec, delivered between the arrows. 

B, responses of biceps-semitendi Lower broken line shows mean reflex level before 
first conditioning tetanus; upper broken line shows mean size of the reflex after the first 
tetanus, the effects of which on gastrocnemius are plotted in A. The curve in B plots the onset 
and decline of potentiation of biceps itendi reflex after a second similar conditioning 
tetanus, the timing of which is again marked by arrows. 


with a conditioning tetanus of 6000-7500 volleys at 400-500 per sec, the summit 
of the post-tetanic potentiation was reached in 8-14 sec on the normal side and 
in 18-39 sec on the operated side. With comparable conditioning tetani Lloyd 
(1949, figs, 1, 2 and 9) found the maximum post-tetanic potentiation at 16 sec, 
with which our normal observations are in fair agreement. 
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_ Furthermore, the time of half-decay to the level of the residual potentiation 
was abnormally long on the operated side. For example, values of 158 and 
118 sec for Fig. 4, 115 sec for Fig. 5 A and 90 sec for Fig. 5 B are to be compared 
with our mean value of 67 sec (nineteen separate experiments, s.p. 12 sec) for 
a similarly conditioned post-tetanic potentiation on the normal side. This 
latter value is in good agreement with the half-decay times determined by 
Lloyd (1949). With comparable conditioning tetani in his figs. 2, 8, 11 and 12, 
the respectiife post-tetanic intervals for half decay were 76, 76, 51 and 46 sec 
respectively. It is to be noted that the time course of post-tetanic potentiation 
is plotted in terms of the size of the reflex spike, i.e. of the number of moto- 
neurones discharging, and hence will suffer distortion when this number is 
a small fraction of the total motoneurone pool (cf. the argument of Brooks & 
Eccles, 1948, p. 374). Consequently briefer half-decay times were observed 
when the testing reflex discharge was initially very small or absent—values 
as brief as 18 sec being then obtained for normal reflex pathways. Measure- 
ments on reflexes of this kind have not been included in the above comparison. 

Residual potentiation. When reflexes were elicited by single volleys at 
intervals of several seconds, the monosynaptic reflex spike showed no sign of — 
& progressive increase or decrease in size (cf. Eccles & Rall, 19515). Likewise, 
with this frequency of stimulation we have found no progressive change in the 
operatively silenced reflex pathway. Before any tetanic conditioning was 
applied it was thus possible to record a series of reflex responses evoked in 
several muscle nerves by single volleys in an operatively silenced dorsal root, 
and so obtain mean values for the monosynaptic reflexes in each of these 
several nerves. For example, in Fig. 6 the five open circles at time 5.50 p.m. 
show five successive monosynaptic reflex spikes set up in the biceps-semi- 
tendinosus nerve by single maximum volleys in the combined L7 and 81 
dorsal roots. Not more than thirty single volleys had been set up in these 
roots in the preceding 30 min, and before that there had been 38 days of 
operatively induced quiescence. 

experimental tests had shown that about 10% of the group I fibres in L7 dorsal root had not been 
operatively severed. Since all § 1 dorsal root had been severed and there was approximate equality 
of representation of gastrocnemius and biceps-semitendi s between the two roots, about 5% 
of the afferent fibres responsible for the reflexes in Fig. 6 (and also in Fig. 5) had escaped the 
operative silencing. However, the significance of the results illustrated in Fig. 6 is not thereby 
affected, for presumably the responses evoked by impulses in this small fraction of the dorsal root 
fibres would form a negligible substratum of normal effect on which would be superimposed the 
greatly preponderating effects attributable to the remaining 95% of the fibres. 

At 5.55 p.m. the dorsal root was stimulated at 500 per sec for 14 sec. Post- 
tetanic potentiation was followed for 8 min in the gastrocnemius nerve 
(cf. Fig. 5.4), and subsequently the plotted open circles show that the mono- 
synaptic spike in biceps-semitendinosus had become stabilized at a size nearly 
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three times the pretetanic value. At 6.8 p.m. a second conditioning tetanus 
(about 7500 volleys at 500 per sec) gave the post-tetanic potentiation curve 
as shown for biceps-semitendinosus (cf. Fig. 5B), which stabilized at a still 
larger reflex spike than after the first tetanus. Finally, after a further con- 
ditioning tetanus (same severity as the second) the open circles at about 
6.30 p.m. show a still further slight increase in the monosynaptic spike to 
biceps-semitendinosus. After 130 min of complete quiescence, four test 
volleys showed that this reflex spike had returned towards the initial value 
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Fig. 6. The same experiment as Fig. 5. Changes observed during a period of 5 hr in the size of 
monosynaptic reflexes evoked by stimulation of dorsal roots severed 38 days previously. 
Ordinate, size of reflex spikes in mV; abscissa, time. The three vertical shaded columns 
indicate, from the left, lapses of 2 hr, 20 min and 1 hr respectively. Open circles indicate 
individual monosynaptic reflexes of biceps-semitendinosus ; solid circles, mean spike sizes of 
a series of monosynaptic reflexes recorded from gastrocnemius nerve; responses of both 
muscle nerves elicited by stimulation of the same pair of dorsal roots. Vertical lines indicate 
periods of tetanic stimulation, each of 7500 volleys at 500 per sec. The plots of responses 
recorded just after 5.50 p.m. represent the ‘disused’ levels of the reflexes concerned after 
38 days of quiescence of the afferent pathway. Further description in text. 


(four open circles just before 8.40 p.m.). An injection of pentobarbitone 
brought the reflex size almost down to the initial level, and then the series was 
repeated with closely similar results. A final 55 min period of complete 
quiescence is seen to result in a negligible loss in size of the potentiated reflex. 

The solid circles in Fig. 6 show reflex spikes for gastrocnemius obtained 
concurrently during this experiment, but to avoid confusion only mean values 
are plotted for the reflexes obtained in the various test series. The results 
depicted for gastrocnemius are seen to be in very good agreement with those 
for biceps-semitendinosus. Reflexes to a third muscle, flexor longus digitorum, 
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were also recorded concurrently with the other two, and these results (not 
plotted) were also in good agreement. 

The principal feature of the whole investigation is the clear evidence for 
a two-stage decay of the potentiation produced by a conditioning tetanus. 
The designation of post-tetanic potentiation should be restricted to the process 
that has decayed to a plateau at about 6 min (see Figs. 1, 4 and 5), a process 
which in the operatively silenced reflex pathway is slower than normal. This 
plateau in Fig. 6 appears in its turn to have an extremely slow decline, 
returning in 130 min about half-way to the initial level for gastrocnemius, and 
a little more than a quarter of the way for biceps-semitendinosus. A still 
slower decline was observed during the 55 min quiescence at the end of the 
experiment. A similar extremely slow decay occurred for the concurrent 
observations made on flexor longus digitorum. In five other experiments in 
which we have attempted this investigation the half-time of decay would also 
be measured in hours. The gradual changes which unavoidably occur in the 
reflex excitability of a preparation (attributable for example to changes in 
anaesthesia and in circulation) prevent any precise determination of the time 
constant of decay, but probably half-decay takes at least 3 hr, which would 
make it 160 times slower than the decay rate for the normal post-tetanic 
potentiation following the standard conditioning tetanus used in this investiga- 
tion (67 sec for half-decay). 


Reflex activity in segments adjacent to those directly affected by operation 

In view of the possibility that reflex paths in neighbouring segments might 
also undergo changes in synaptic efficacy, monosynaptic reflexes on the two 
sides were examined in segments adjacent to those operatively deprived of 
dorsal root inflow. It was considered that the most satisfactory test of any 
such overall change would be afforded by simply comparing the segmental 
reflex discharge (dorsal to ventral root) on the two sides. Furthermore, the 
scope for examining reflexes pertaining to specific muscles was necessarily 
limited by the fact that the seventh and eighth post-thoracic dorsal roots had 
been severed in most instances, leaving few available muscles with sufficient 
intact afferent innervation for adequate testing. However, the reflex responses 
recorded in the nerves to semimembranosus and to the anterior tibial group 
of muscles (both with considerable representation in the sixth post-thoracic 
segment) afforded a means of comparing specific reflex activity on the two sides 
in response to volleys in the sixth (unsevered) dorsal roots. In two instances, 
prefixation permitted a similar comparison to be made of the reflex discharges 
that volleys in the same roots evoked into the combined biceps-semitendinosus 
nerve. 

Reflex responses recorded from ventral roots. In every one of the six experi- 
ments in which the segmental reflex responses on the two sides have been 
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compared in the segment immediately rostral to those directly affected by 
root section, the monosynaptic component has been larger on the operated 
side. In one of these experiments, the discrepancy was slight and actually 
became reversed towards the end of the experiment, an effect caused most 
probably by gradual asymmetric deterioration of the spinal cord, of which 
there were other signs. In the other five experiments the difference was greater, 


Fig. 7. Comparison of monosynaptic reflex responses on operated (0) and normal (JV) sides as in 
other figures, but in this case elicited by stimulation of dorsal roots pertaining to a segment 
adjacent to one directly affected by dorsal root section. The seventh and eighth post-thoracic 
dorsal roots were cut on the left side forty days before. 

A, segmental reflex discharge into the sixth ventral root on stimulating the ipselateral 
sixth dorsal root. Upper records, unpotentiated responses (chosen from several closely 
similar records). Below on each side is a sample record of the same reflex potentiated by 
a tetanus of 2500 volleys at 500 per sec, each being obtained at the times indicated after the 
last volley of the tetanus. Amplification the same for all records. 

same experiment. A similar conditioning tetanus preceded the lower responses 
by the times indicated. Reflex response of flexor muscles near the recording electrodes 


accounts for the slow deflexions after the monosynaptic spikes. Amplification for all records 
ten times that used in A above. 


the reflex on the operated side varying from two to ten times the size of the 
corresponding reflex on the normal side. Fig. 7A illustrates the typical 
asymmetry and further demonstrates that the discrepancy was maintained 
even when the reflexes were maximally potentiated by a tetanus. 

In a number of instances, the segmental reflex responses were examined in 
segments further removed (usually the fifth post-thoracic segment) from the 
level directly affected by operation. No appreciable asymmetry was detected 
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in these instances, in contrast to the asymmetry described above for the 
immediately adjacent segment. 

Responses of wmdividual muscles. In six experiments, the monosynaptic 

reflex to semimembranosus was larger on the operated side in response to 
volleys in the sixth post-thoracic dorsal root (Fig. 7B), in contrast with the 
reverse discrepancy observed for reflex responses evoked from the seventh 
dorsal roots (see p. 500). In no single instance, when the sixth dorsal roots 
formed the afferent channel, has a larger reflex to semimembranosus been 
observed on the normal side. In fact, as illustrated in Fig. 7B, single volleys 
in the sixth dorsal root commonly elicited no detectable monosynaptic response 
in the semimembranosus nerve of the normal side. Preliminary tetanization 
of the afferent channel was a necessary prerequisite for eliciting a response. 
Thus it would appear that the effects of cutting off dorsal root inflow to one 
side of the segment below include an enhancement of the synaptic excitatory 
efficiency of at least some reflexo-motor collaterals springing from the dorsal 
root immediately above, including those of the semimembranosus mono- 
synaptic reflex arc. 
_ Nine similar experiments on flexor muscles were less clear-cut. In seven 
experiments with the nerves supplying the anterior tibial group, two showed 
no difference between the two sides, in three the monosynaptic reflex was 
larger on the operated side, and in two it was slightly smaller. In the two 
experiments in which it was possible to compare responses to the biceps- 
semitendinosus group evoked by volleys in the sixth dorsal roots, the mono- 
synaptic response on the operated side was considerably larger, much as in the 
case of the extensor muscle, semimembranosus. 

Discussion. Although there is clearly insufficient experimental material to 
permit definite conclusions to be drawn at this stage, it nevertheless seems 
reasonable to consider that the reversal in the rostral segment indicates 4 com- 
pensatory reaction to the operative disability. The discrepancy in segmental 
reflexes suggests an overall effect of this kind, but gives no clue as to which 
muscles or muscle groups are involved. However, the uniform asymmetry of 
like kind observed with reflexes of semimembranosus, and the equivocal results 
with the ankle flexor group, indicate than any such compensatory effect 
involves extensor rather than flexor muscles. The observation that the 
asymmetry does not extend further than the segment immediately adjacent 
to the one deprived of afferent inflow suggests that ‘compensation’, if this 
term may be applied, is not simply a diffuse enhancement of synaptic function 
in neighbouring segments, but rather represents a specific modification of the 
self-regulating myotatic reflex activity of synergic muscle groups, which 
particularly affects the anti-gravity extensor muscles. 
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DISCUSSION 
Effects attributable to disuse 
At the outset, it is obviously important to assess the propriety of comparing, 
as we have done, reflex activity on the two sides of those cord segments 
selected for observation. Clearly, the significance of inequalities in the sizes 
of reflex discharges observed in these experiments will largely depend upon 
the degree of symmetry normally obtaining in unoperated animals. Tests 
performed on such animals have usually revealed approximate symmetry of 
reflex responses to similar afférent volleys (as has also been observed in 
operated cats when testing cord segments more than one segment away from 
those directly affected by root severance), but it must be admitted that 
occasionally distinct differences have been observed in the segmental reflex 
responses on opposite sides of the same cord segment in animals not previously 
subjected to operation. However, two considerations render untenable the 
view that chance variations might explain the disparities in size of reflex 
discharges observed in these experiments. (1) In no single instance were the 
reflex spikes on the operated side larger than those on the normal side. 
Actually, as has been seen, monosynaptic discharge was usually very small 
or absent on the side affected by operation, the disparity between the two 
sides being much greater than any chance differences observed in normal 
animals. (2) Qualitative as well as quantitative differences were regularly 
observed between the reflex behaviour of the two halves. of cord segments 
directly affected by operation. As already described, on the operated side the 
reflex latency was prolonged, delayed discharges to extensor muscles were 
frequent, and the time course of post-tetanic potentiation was prolonged. It 
can therefore hardly be doubted that all the observed changes in reflex 
responses to volleys set up in operatively silenced dorsal roots are directly 


referable to the operative procedure, and are not the outcome of chance | 


asymmetry in reflex excitability. 

It is now necessary to examine possible explanations for these operatively 
induced changes other than simple absence of the normal stream of pro- 
prioceptive impulse traffic. Two such explanations which require careful 
consideration are suggested by the histological findings in the dorsal 
roots. 

(1) Deficiency of fibres in the operated dorsal roots. In spite of all precautions, 
evidence of some damage to the operated ganglia, and consequent degeneration 
of dorsal root fibres, was found in many instances (p. 493). However, it is 
unlikely that the size of volleys in the operated dorsal roots would be so reduced 
from this cause as to explain fully the reflex deficiencies observed, since con- 
siderable reduction of the volley size in normal dorsal roots does not lead to 
a comparable loss of reflex response. Furthermore, the usual reflex deficiency 
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on the operated side was observed in preparations showing no evidence of 
ganglionic injury on subsequent histological examination. Thus loss of dorsal 
root fibres alone cannot explain the depression of reflex responses. 

(2) Shrinkage of fibres in the operated dorsal roots. Some reduction of fibre 
diameter was observed in operated roots, even when no actual loss of fibres 
was detectable (p. 494). Such shrinkage in all probability involves the 
intramedullary ramifications of these fibres, including the reflexo-motor 
collaterals of the monosynaptic reflex arc. This attenuation of-fibres may well 
contribute to the longer central delay observed for monosynaptic reflexes on 
the operated side; indeed, direct measurements of impulse conduction in the 
intradural course of affected dorsal roots have yielded figures for velocity 
some 10-15% lower than in the corresponding normal roots, even in those 
preparations with no histologically detectable loss of fibres. It is clearly 
difficult to decide whether this shrinkage contributes to the changes in reflex 
behaviour brought about by interruption of dorsal roots, especially since no 
direct evidence is yet available of the extent to which synaptic knobs par- 
ticipate in these morphological changes. However, in so far as depression of 
monosynaptic reflexes is concerned, an answer is provided by the long-lasting 
partial restoration (the residual potentiation described above) of operatively 
depressed monosynaptic reflexes by brief periods of repetitive activity in the 
presynaptic pathway. This reversal by activity can only mean that the 
deficiency in reflex excitatory power of volleys in operated dorsal roots is 
largely the result of inactivity as such of the presynaptic fibres, and is not 
simply a consequence of fibre shrinkage caused by regenerative outgrowth. 
On the other hand, the same periods of tetanic presynaptic activity did not 
have appreciable effect on the other changes in reflex function brought about 
by dorsal root section, namely, longer central delay, delayed discharges to 
extensor muscles, and altered time course of post-tetanic potentiation. Hence 
it is not possible to determine how far these other changes are brought about 
by morphological or other sequelae of presynaptic fibre severance rather than 
by the cessation of afferent barrage. The conclusion is inescapable, however, 
that the most prominent effect of dorsal root severance, that is, depression of 


monosynaptic reflexes, has been largely brought about by disuse. 


Delayed discharges 

It has been seen above (pp. 496-8) that a volley in the disused dorsal root 
usually evoked an apparently disynaptic or trisynaptic reflex discharge to 
extensor motoneurones in addition to the usual monosynaptic discharge. 
When chromatolysis was induced in motoneurones by section of their axons, 
such delayed discharges were still more prominent, there being suppression of 
all monosynaptic discharge for several weeks (Downman, Eccles & McIntyre, 
1953). It was further shown that these polysynaptic discharges were evoked 
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in extensor motoneurones by the large group I afferent fibres from the 
appropriate muscles, and it was tentatively suggested that chromatolysed 
motoneurones might evoke an outgrowth of new synaptic connexions from 
adjacent interneurones. In the present experiments the extra-ganglionic 
severance of the dorsal roots has necessarily precluded any investigation on 
the origin of the afferent fibres that were responsible for the polysynaptic 
responses. However, their low threshold of excitation as well as the analogy 
with the responses of chromatolysed motoneurones would suggest that the 
group I afferent fibres of an extensor muscle might be in effective polysynaptic 
connexion with the motoneurones of that muscle. Even on the normal side 
there was sometimes evidence suggesting such connexions (Figs. 2A, N; 2C), 
particularly during post-tetanie potentiation, but also, in the case of flexor 
longus digitorum motoneurones, even in the absence of potentiation. It 
might be postulated that the relatively disused motoneurones evoke an out- 
growth of new synaptic connexions, much as suggested for chromatolysed 
motoneurones, Assuming the delayed discharges to be polysynaptic, a simpler 
explanation, however, would attribute their prominence to a relative increase 
in the effectiveness of internuncial activity reaching extensor motoneurones 
by way of normal, pre-existing connexions. These synaptic junctions would 
not be expected to suffer disuse effects, since activity of internuncials will 
continue despite the operative procedure. Thus operatively induced deficiency 
of monosynaptic discharge to extensor muscles might reveal excitatory effects 
of polysynaptic pathways which are ordinarily masked by motoneurone sub- 
normality following the usual large monosynaptic response to a dorsal root 
volley. There is, of course, the additional possibility of actual increase in the 
synaptic efficacy of internuncial impulses upon motoneurones largely deprived 
of monosynaptic excitation. 


The long-lasting enhancement by tetanic activity of reflexes depressed 
disuse is the most noteworthy observation in the present work, Not only does 
it establish that disuse is indeed a principal factor responsible for loss of 
monosynaptic reflexes after dorsal root section, but it also demonstrates in the 
clearest manner that the synaptic junctions of such reflex arcs are capable of 
‘learning’ to operate more effectively as a result of intensive presynaptic 
activity. The phenomenon can be regarded as the positive counterpart of the 
negative effect brought about by disuse, and is thus a necessary corollary to 
the postulate of plastic properties at simple synaptic junctions. The very slow 
time course of residual potentiation favours an interpretation in terms of 
synaptic plasticity, since its decay, though not yet determined precisely, is 
measured in hours, rather than minutes, as in the case of ordinary post-tetanic 
potentiation. There is, of course, no direct evidence to suggest that ‘ordinary’ 
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and ‘residual’ post-tetanic potentiation are brought about by similar 
mechanisms; it is conceivable, however, that both depend, at least in part, 
upon actual morphological changes which intense repetitive activity causes 
in the synaptic knobs concerned. 

One possibility is suggested by the recent finding of Hill (1950) that pro- 
longed repetitive stimulation of giant non-medullated axons causes a transient 
swelling, running a time course of development and subsidence measured in 
minutes. This swelling can be attributed to inward flow of water resulting from 
ionic shifts associated with impulse conduction (Hodgkin & Katz, 1949; 
Keynes & Lewis, 1951; Hodgkin, 1951). Though this increase in fibre size is 
extremely small the relatively large surface to volume ratio associated with the 
very small diameter of the presynaptic fibres (probably no more than 0-2-0-3 ») 
would lead one to expect a relatively greater swelling and possibly a more rapid 
time course of the swelling and recovery therefrom. Furthermore, if we assume 
uniform elastic properties of the membrane, the synaptic knob, having a larger 
radius of curvature than its attached fibre, would be expected to swell more 
readily than this fibre in response to an increase in turgor of the system, i.e. 
there would be a flow of axoplasm from the swollen fibre to increase further 
the swelling of the knob (cf. Eccles, 1953). Such a mechanism, in conjunction 
with increased size of pre-synaptic impulses (Lloyd, 1949; Eccles & Rall, 
1950), could account for the phenomenon of ordinary post-tetanic potentiation. 
Similar factors may operate in the case of residual potentiation, but in this 
instance it would be necessary to postulate the occurrence of specific changes 
in the properties of disused presynaptic terminals leading to a more prolonged 
time course of osmotic or other sequelae of repetitive activity. In this con- 
nexion, careful investigation of the time course of after-potentials in operatively 
silenced dorsal root fibres is especially indicated. 


‘Compensatory’ changes in adjacent cord segments 

Although the observations on reflex activity in segments adjacent to those 
affected by operation are not as complete nor as conclusive as those on 
segments directly affected by dorsal root section, the evidence available 
strongly suggests that ipselateral monosynaptic reflexes in the immediately 
adjacent segment in some way become enhanced as a result of the operation 
(p. 505). This enhancement appears chiefly to involve reflexes pertaining to 
extensor muscles, affecting flexors little if at all, and it is tempting to speculate — 
on the possible role of gravity-imposed stretch in the genesis of this apparent 
compensatory reaction. Obviously, such stretch will principally affect tension 
receptors in extensor muscles, and it is possible that, owing to loss or enfeeble- 
ment of the stretch reflex after partial deafferentation of such muscles, 
excessive firing of stretch receptors therein will ensue, thus giving rise to 
enhanced bombardment of motoneurones through the remaining afferent 
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fibres traversing an adjacent intact dorsal root. It can be argued that the 
increased firing of these active synaptic knobs of the monosynaptic reflex in 
question brings about a long-lasting enhancement of their reflex excitatory 
power, as in the phenomenon of residual potentiation. Thus the stretch reflex 
will again become operative, so tending to re-establish the normal monosynaptic 
self-regulating system characteristic of fully -innervated muscle. Clearly a 
compensatory mechanism of this kind can only be effective in the case of 
a muscle, or synergic groups of muscles, innervated both by an ‘operated’ 
and an ‘adjacent’ segment, as, for example, m. semimembranosus (supplied 
by L6 and L7 segments) with the sixth root intact and the seventh interrupted. 
It is further to be noted in support of this interpretation that reflex activity 
in segments next but one to the level affected by operation exhibited no 


appreciable bilateral asymmetry. 


Usage and synaptic efficacy 

The above concept that prolonged intensification of presynaptic bombard- 
ment above the normal level may lead to enduring increase in the excitatory 
effectiveness of the hyperactive synaptic knobs is one of far-reaching implica- 
tions, and clearly requires further investigation. Little information is available 
regarding either the extent to which a normal reflex may be enhanced by 
supernormal presynaptic firing, or the minimum duration of such hyperactivity 
necessary for bringing about reflex enhancement. As the duration of a con- 
ditioning tetanus is increased, there is a corresponding increase in the duration 
of post-tetanic potentiation, a phenomenon clearly shown by Lloyd (1949, 
figs. 9, 10). In Lloyd’s fig. 9, a 500 per sec tetanus lasting for 36 sec is seen 
to give prolonged potentiation (half-relaxation about 2 min) of the test reflex, 
which is still about 80% above normal 6 min after the tetanus. His fig. 10 also 
demonstrates that a still longer conditioning tetanus (95 sec) is followed by 
potentiation of even slower decline. In one experiment of the present series 
on a normal monosynaptic reflex a 450 per sec tetanus lasting for 120 sec 
brought about a very slowly declining potentiation, the test reflex being more 
than twice the control size 10 min after the cessation of tetanic stimulation. 
Thus, by increasing the severity of tetanic conditioning, the potentiation of 
normal monosynaptic reflexes can be lengthened to run a time course com- 
parable with that characteristic of disused monosynaptic reflex paths (p. 501). 
However, even with such severe tetani the normal reflexes have not shown the 
more enduring enhancement seen after disuse and termed residual potentiation. 
Nevertheless, the compensatory increase in monosynaptic reflexes in the 
segment immediately above one deprived of afferent inflow does suggest that 
an intensification of synaptic bombardment lasting for days or weeks may 
lead to a prolonged enhancement of monosynaptic reflex function. The further 
implication is suggested that the normal level of synaptic activation by 
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discharge of stretch receptors ordinarily helps to maintain the excitatory 
effectiveness of the monosynaptic reflex path. 


Plasticity and learning 

It may be concluded that there is now direct experimental evidence that, 
in the simplest mammalian reflex (the monosynaptic myotatic reflex), usage 
may lead to increased synaptic functional efficiency, and disuse to defective 
function. Thus a property resembling the plasticity postulated for higher nerve 
centres in explanation of conditioned reflexes and of memory (Tanzi, 1893; 
Cajal, 1911; Konorski, 1948, 1950; Toennies, 1949) has been demonstrated at 
an elementary reflex level. The complexity of neuronal interconnexions in the 
higher centres has so far precluded direct testing at these levels, but the present 
work clearly lends support to the general concept of synaptic plasticity, which 
may well prove to be much more highly developed in regions such as the 
cerebral cortex. 

A number of authors have suggested that, in the process of learning, specific 
self-maintaining patterns of impulses are created in the neurone meshwork of 
the central nervous system, and that memory depends upon the continued 
circulation of such impulse patterns in closed, self-re-exciting chains of 
neurones (Hilgard & Marquis, 1940; Householder & Landahl, 1945; Young, 
1938; Boycott & Young, 1950). Impulse circulation in such reverberating 
circuits is doubtless responsible for relatively short-term persistence of 
patterned central nervous activity, as shown by Lorente de Né (1938); but it 
is difficult to explain, on this view, observations such as the persistence of 
memory after profound cortical depression, as by anaesthesia, and the eventual 
recovery which commonly takes place after traumatic amnesia. 

Such difficulties, however, disappear with the acceptance of plasticity as 
a fundamental property of synaptic junctions, since enduring patterned 
changes in synaptic efficacy can account for the reappearance, even after 
prolonged inactivity, of the identical impulse patterns generated in the course 
_ of learning. This view-point by no means discounts the importance of impulse 
circulation in reverberating circuits; on the contrary, activity of this kind is 
probably responsible in large measure for the initial genesis of plastic synaptic 
changes, through prolonged repetitive bombardment of the synaptic junctions 
included in the chains of active neurones. Thus we are led to support a concept 
of learning and memory of the kind envisaged by Gerard (1949), involving 
a short-lasting active phase, based upon impulse conduction in closed chains, 
and a more enduring phase, brought about by this activity, and dependent 
upon the genesis, in the same closed paths, of longer-lasting plastic alterations 
in the functional effectiveness of individual synaptic junctions. 
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SUMMARY 


1. The effects of inactivity of monosynaptic spinal reflex arcs in the cat 
have been investigated by recording electrically the reflex responses evoked in 
different hindlimb muscle nerves by stimulation of dorsal roots severed extra- 
ganglionically several weeks previously, responses of corresponding (normal) 
reflex arcs of the opposite side serving as controls. 

2. After 30-40 days of presynaptic quiescence, monosynaptic reflexes of 
both flexor and extensor muscles are absent or very much reduced in size, and 
polysynaptic discharges tend to become more prominent than in normal reflex 
arcs. 

3. A brief burst of rapid repetitive presynaptic activity is effective in 
restoring monosynaptic discharge, proving the presence of a functionally 
effective reflex pathway; the subsequent decline of this post-tetanic potentia- 
tion is slower than in the case of similarly enhanced normal reflexes. 

4. In addition, after one or more bursts of tetanic presynaptic stimulation, 
_ disused reflex arcs in many instances undergo prolonged enhancement, lasting 
for several hours. This long-lasting reflex enhancement (residual potentiation) 
represents a partial reversal, by activity, of the deficiency in synaptic 
functional effectiveness brought about by disuse. 

5. There is also some evidence indicating monosynaptic reflex enhancement 
in the segment immediately adjacent to one deprived of dorsal root inflow, 
suggesting that increase in synaptic usage leads to prolonged enhancement of 
function of normal synapses. 

6. These observations can be regarded as demonstrating the existence of 
plasticity in the monosynaptic reflex arc, thus supporting the concept that 
learning and memory depend upon the creation of enduring plastic changes 
in the functional effectiveness of synaptic junctions at higher levels of the 
central nervous system. 
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RELEASE OF HISTAMINE BY THE HISTAMINE 
LIBERATOR COMPOUND 48/8 IN CATS 


By A. N. SMITH 


London, N.W.7 


(Received 11 February 1953) 


Much is now known which suggests a labile relationship of the histamine of 
the skin and skeletal muscle im vivo to diverse histamine-releasing agents 
(MacIntosh & Paton, 1949; Paton, 1951; Feldberg & Paton, 1951; Schachter, 
1952). On the other hand, Smith (1953), using acid secretion in cats as a 
measure of the extent of histamine release by compound 48/80, came to the 
conclusion that only a small fraction of the histamine of the alimentary tract 
could be released by this synthetic histamine-releasing agent, even when doses 
greatly in excess of those effecting thorough release of histamine in skin and 
muscle were used. Observations of the effect of compound 48/80 on the 
histamine content of the alimentary tract and other viscera, skin and skeletal 
muscle of the cat are now described. It was found that the histamine of the 
skin was most susceptible to the action of 48/80; reductions were also observed 
in skeletal muscle, lungs and gastro-intestinal tract, principally i in the corpus 
region of the stomach. Control experiments were made in which histamine 
was administered in such a way as to produce prolonged effects, because intense 
secretory activity, consequent on the entry of large amounts of histamine into 
the general circulation, might have been responsible for the diminution in 
histamine content of the stomach associated with prolonged treatment with 
48/80. 
METHODS 

Cats, 2~4 kg in weight, were used thoughout and, unless otherwise stated, were anaesthetized 
with chloralose after ethyl chloride and ether induction, followed by tracheotomy. In all experi- 
ments involving estimation of acid secretory activity, the right carotid artery was cannulated for 
the recording of blood pressure ; dextran was used to it Js with profound hypotension. 

Intravenous injections were made through a cannula inserted into the right femoral vein, 
intravenous infusions being administered by attaching this to a burette with a limited air intake 
at ite upper end (devised by means of inserting capillary glass tubing through a rubber bung) so 
that @ constant rate of infusion could be guaranteed. Intra-arterial injections into the coeliac 
artery were made via a cannula inserted into the hepatic artery and guarded by an adaptor with 
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a two-way stop-cock fitting. Intra-arterial injections into the superior mesenteric and femoral 
arteries were made by direct puncture of suitable side branches. 

Blood samples were obtained as follows: arterial samples were received into a test-tube directly 
from the severed right femoral artery, heparinized with 0-02 ml. heparin per ml. blood and centri- 
fuged at 2000 rev/min for 5 min. Venous blood was obtained by puncture of the external jugular 
veins and treated likewise. 

Several tissues were examined for this histamine content. Duodenal tissue was excised just 
proximal to the ampulla of Vater, ileum was taken 5 cm from the ileocaecal valve, and colonic 
tissue at the mid part of the large bowel. The stomach, secured at cardia and pylorus with 
ligatures, was removed, washed and examined, if necessary with binocular lenses. Corpus and 
pyloric regions were pinned out on a cork board and the muscularis externa dissected free with 
Mayo scissors. The mucosa, with submucosa adherent on the outer surface, was pinned so that the 
mucosal aspect faced upwards, and removed with a blunt knife from the whitish layer of the 
submucosa. 

Tissue samples were then weighed and ground in a mortar in » or N/3-HCl (2 ml./g) with sand 
and distilled water (10 ml./g). The contents of the mortar were washed with saline into a 25 ml. 
flask and boiled gently for 1 min; B.D.H. indicator was added and the solutions neutralized with 
y or w/10-NaOH and diluted to known concentrations which were assayed on the atropinized 
guinea-pig ileum preparation. All histamine values refer to the base. When plasma samples were 
assayed on the guinea-pig ileum, they occasionally produced a slow contraction which made 
@ precise histamine assay difficult. This contraction was not abolished by mepyramine maleate. 
The samples were assayed on the arterial blood pressure of the eviscerate cat. 

Tissue affected by the pathological change was retained in formalin. -At a later date wax 
sections were made and examined under the microscope, after routine staining with haematoxylin 
and eosin. 

Compound 48/80 was injected intraperitoneally dissolved in saline. Histamine was administered 
as histamine acid phosphate (dosage calculated as base); in five animals it was administered 
dissolved in beeswax into the dorsal musculature of the cat, as described by Code & Varco (1942) 
for dogs. The beeswax was purer than most samples, with too high a melting-point, and was 
accordingly adulterated with yellow soft paraffin which greatly facilitated administration. Daily 
injections of 20-40 mg were intended to be given, but a fraction of the amount to be injected 
remained in the syringe, because of the viscous nature of the beeswax. The amounts intended to 
be injected daily during the first 7-10 days were 20 mg, during the following 5-7 days 30 mg, and 
during the last 5-10 days 40 mg. If the histamine had been completely injected each time, it 
would have amounted to a total of between 400 and 700 mg; the actual total amounts injected, 
however, were between 350 and 450 mg. 

Acid gastric secretion induced by 48/80, histamine, gastrin and vagus stimulation was measured 
according to the method described previously (Smith, 1953). The gastrin was prepared aceording 
to Uvnis’s method (1945). In the experiments with vagus stimulation, the vagus nerves were 
freed from the cervical sympathetic trunks, ligated and placed over platinum electrodes of 
a stimulator arranged to give stimulation of 10 V, the frequency of the shocks being 20 per sec, 
duration 0-5 msec. 


RESULTS 
Histamine content of cats’ tissues 
Since the histamine content of the tissues varies in individual cats, it was 
necessary to obtain a sufficient number of values for the normal histamine 
content in order to have a reliable basis for comparsion with the histamine 
values obtained after treatment with compound 48/80. In Table 1 values are 
given for various tissues of ten normal cats. The two areas of skin examined in 
all the animals were the fine skin of the ear and the skin of the abdominal wall, 
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these areas having been chosen because Feldberg & Miles (1953) had found 
that there are great regional variations in the content of the skin and that the 
highest values were obtained from the ear, whereas the abdominal skin 
represented a region of relatively low histamine content. The skin of the 
eyelids and nasal area adjacent to the bristles gave values intermediate 
between those recorded for the skin of the ear and abdomen. Of the viscera, 
the duodenum and lung contained the highest amounts of histamine. The 
average values were 40 and 35,.g/g respectively; these values, however, were 
lower than those for the skin of the ear (96g/g). The values for the stomach, 
ileum and colon lay between 29 and 11 g/g and were of about the same order 
as those of the abdominal skin. All other tissues examined yielded low hista- 
mine values, the average value for the spleen was about 8yg/g, whereas the 
values for skeletal muscle, liver, pancreas and kidney varied between 3-5 and 


1-2ug/g. 

Effects of intravenous injections of compound 48/80 

A single intravenous injection of 10 or 20ug/kg compound 48/80 produced 
little detectable change in the histamine content of the organs, except perhaps 
in the skin of the ear and nasal area where 20ug/kg produced a slight reduction. 
With 50ug/kg there was a definite reduction in the histamine content of the 
skin; in the fine skin of the ear and eyelid it amounted to almost 40%, in the 
nasal area to about 30%, and in the abdominal skin to about 20%, but the 
histamine of skeletal muscle and of the wall of the digestive tract remained 
relatively unaffected (Table 2). 

The injections caused a transient increase in the histamine of the plasma, 
maintained longer with 50ug/kg than with lesser dosage. This increase sub- 
sided within 45 min and was thereafter succeeded by subnormal levels in 
several experiments (Table 2). | 


Effects of injections of compound 48/80 into the coeliac and into 

| the mesenteric superior artery 

Injections of 48/80 into the coeliac artery result in acid secretion which is 
only due in small part to local release of histamine and mainly attributable to 
the action of the histamine liberator on the histamine of skin and skeletal 
muscle (Smith, 1953). Animals killed after intracoeliac injections of 20- 
50ug/kg compound 48/80 showed little detectable change in the histamine 
content of the stomach wall, skin and skeletal muscle. In animals killed after 
100ug/kg there was a definite change in the distribution of histamine on the 
stomach mucosa, as well as lowering of the histamine content of skin and 
skeletal muscle. Normally the histamine content per gramme mucosa of the 
corpus is greater than that of the pyloric region (Table 1). After 100ug/kg 
compound 48/80 the reverse was found, the change being accounted for by 
a reduction in the histamine of the corpus mucosa (Tables 3 and 6). The 
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histamine content of skin of the ear was reduced by about 28%, of the skin 
of the abdomen by about 27%, and that of skeletal muscle by about 6% 
(Table 3). 

Injections of 20 and 50yg/kg into the superior mesenteric artery produced 
no detectable change in the histamine content of the tissues (Table 3); 
100ug/kg produced slight reduction of histamine content of skin and skeletal 
muscle, but no change in the gastro-intestinal tissues. 

The plasma histamine remained practically unaltered when 20yug/kg com- 
pound 48/80 were injected into the coeliac artery; sometimes there was a fall. 
With 50g/kg there was a definite rise, followed after 10 min by a fall below 
the initial values. With 100.g/kg the rise lasted for about 30 min. The injections 
into the mesenteric superior artery also increased the histamine plasma level, 
but the rise was smaller than after the intracoeliac injections. 


Effects of intraperitoneal injections of compound 48/80 

Initial injection of 1 mg/kg compound 48/80 produced signs of pruritus, 
salivation, lachrymation and cyanosis of ears and nasal area, soon followed by 
a state of prostration accompanied by tachypnoea, vomiting, precipitate 
micturition and defaecation. Recovery was usual in 1-2 hr and as the cir- 
culation improved, the nasal area and ears, formerly cold and cyanotic, became 
red and warm; the facial appearance was then distorted by thickening due 
to oedema around the nose and eyelids. In many instances there was bristling 
of the short hairs of the head, which gave the coat a rough appearance. On 
subsequent injection the following day, there was facial swelling, occasional 
oedema of the nipple and genital area, erythema of the nasal area, lachryma- 
tion, salivation and pruritus; prostration was absent or slight. When the same 
dose was injected on the third or fourth day, the reactions were minimal or 
entirely absent. | 

The daily injections were then increased by 0-5 mg/kg increments every 
second or third day until a total of over 30 mg/kg had been given intra- 
peritoneally over 2 or 3 weeks. The animals were given, during this period, 
20-60 ml. saline intraperitoneally daily to combat loss of fluid and electrolytes. 
Injections of 6 mg/kg or more produced severe prostration in which the animal 
became ataxic. Respiratory distress was greater and the animal appeared to 
be disturbed by the abdominal colic which accompanied the passage of blood- 
stained faeces or precipitate micturition. The animals were cold, with markedly 
cyanotic ears, nasal area and tongue and soon lapsed into a comatose condition 
in which they were killed. During the treatment most animals lost 0-5-1 kg 
weight, probably attributable to dehydration and loss of nutriment in 
vomiting and in unformed stools. 

Post-mortem findings. Five cats were examined post-mortem. Obvious gastric lesions were 
recognized in three cats by subserous haemorrhages slightly above the incisura on the lesser 
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curvature. These coincided with frank gastric ulceration of the acute penetrating type on the 
mucosal aspect (Pi. 1 A). The rugae of the corpus mucosa were swollen and pinker in appearance 
than normal, so that the contrast with the pallid appearance of the pyloric region was exaggerated. 
Erosions, both healed and unhealed, were often present, and the mucosa surrounding such lesions 
was ‘peppered’ with haemorrhages of pin-point size. 

Microscopic section was made through the markedly ulcerated mucosa of one animal (Pl. 1 B). 
There was sloughing of the mucosa and penetration by the ulcerative process to the submucosa; 
in this area high-power magnification showed some infiltration by lymphocytes and plasma cells 
with little evidence of fibrous tissue reaction. 

In two cate the duodenum was the site of erosion, in the region proximal to the ampulla of 
Vater. Microscopic examination of the erosions showed superficial loss of epithelium with 
lymphocytic infiltration in the deeper mucosal and submucosal layers. 

The chyme of the small intestine was heavily stained with bile as far as or beyond the ileocaecal 
junction. In this region two animals showed vascular injection of both the muscular and mucosal 
layers, and the ileocaecal lymph nodes draining the affected segment were noticeably h rhagic. 
Microscopic section of these lymph nodes showed extravasation of blood in the subcapsular area 
of the gland. In three animals the ileocaecal region and proximal colon were slightly more vascular 
than normal, with shredding of the engorged mucosa and resulting localized haemorrhage. 
Microscopic examination showed penetration of the ulcerative process to the submucosal region, 
where the tissues were heavily invaded by round cells such as lymphocytes and plasma cells. 

The gall-bladder wall was engorged and oedematous in three animals, but the mucosal lining 
was everywhere intact. The pancreas in one animal was thickened, vascular and oedematous, and 
it was thought that evacuation of the gall-bladder, repeated and with maximum contraction, 


by lymphocytes. In another animal the liver was the site of subcapsular haemorrhage. Micro- 
scopic examination showed extravasation of blood at this site and distension of the central part 
of the lobule with blood. 

In one animal the pericardial sac was the site of a moderate effusion, and the region of the 
Jaryngeal folds was swollen by oedematous sacs which almost occluded the aperture of the airway 
from larynx to trachea. There were no subendocardial haemorrhages. No obvious macroscopic 
lesions were seen in the kidney and pituitary but the adrenals, macroscopically haemorrhagic, 
showed histologically an increased vascularity, haemorrhage and round cell infiltration. 


Histamine content of tissues. The histamine content of various tissues from 
ten cats treated with repeated intraperitoneal injections of compound 48/80 
over 2 or 3 weeks is recorded in Table 4, and in Table 5 the mean values are 
compared with those of the ten normal cats given in Table 1. General reduc- 
tion in the histamine content of skin was greatest in the ear; the histamine 
content had dropped from 96 to 12ug/g skin: i.e. by 87°. The mean histamine 
content of the abdominal skin had dropped from 22 to 5yug/g: i.e. by 77%. 
In skeletal muscle the histamine was also reduced but the effect was not so 
striking, and amounted to a reduction of 27% for diaphragm and 29% for 
gastrocnemius. In the stomach wall there was a definite but relatively small 
reduction of 8-37°%, in the histamine content of the various layers of the 
corpus region. There was no similar reduction in the various layers of the 
pyloric region; in fact, if there was any change there was a slight increase of 
not more than 6% which, considering the great individual variations, may 
not be significant. The fact that compound 48/80 reduced the histamine 


might have forced entry of bile into the pancreatic duct and set up a subacute pancreatitis. ; 
Microscopic examination showed oedematous pancreatic tissue with patchy necrosis, infiltrated | 
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content in the wall of the corpus but not of the pyloric region accounts for the 
change in the distribution of histamine in the stomach wall. Normally the 
mucosa of the corpus is richer in histamine than that of the pyloric region, 
whereas after prolonged intraperitoneal treatment with 48/80 the reverse is 

Taste 5. in histamine content of the tissues 
compound 48/80 and with massive tn normal 
values are the mean values of the ten cats listed in Table 1, the values after compound 48/80 
histamine in beeswax 


are the mean values of those cats listed in Table 4, and the values after 
are the mean values of the cate listed in Table 8) 


Histamine content expressed 
as percen of normal 
pe Histamine/g tissue — 
(a) (6) 
48/80 Histamine- 48 Histamine- 
Normal treated treated treated 
Ear 96 12 107 13 lll 
Abdomen 22 5 . 23 105 
Skeletal muscle 
Diaphragm 2-6 1-9 3-3 73 . 127 
Gastrocnemius 2-1 15 2-8 71 133 
Stomach—corpus region 
Mucosa 29 20 25 69 86 
Submucosa 19 12 20 63 105 
Muscularis externa 12 ll ll 92 92 
Stomach—pyloric region 
Mucosa 23 30 100 130 
Submucosa 17 18 36 106 212 
Muscularis externa 10 10 ll 100 110 
Duodenum 40 35 45 88 113 
Tleum 22 19 21 86 
Colon ll ll 12 100 109 
Liver 29 2-7 2-7 93 93 
Spleen 8-1 9-0 
- Lung 22 41 63 117 
Kidney 1-2 1-5 0-9 125 75 


true. This is shown in more detail in Table 6. The average ratio between the 
histamine content in corpus mucosa and in mucosa of the pyloric region was 
1:3; after 48/80 it was 0-87. A similar reversal of this ratio was found after 
the injection of single large doses of 48/80 into the coeliac artery, but not after 
& single intravenous injection. 

The changes in the histamine distribution of the stomach mucosa occurred 
also in the layer which consists of submucosa plus muscularis mucosae but 
not in the muscularis externa (see Table 7). 

Effects of masswe doses of histamine | 

Such changes in the distribution of histamine in the wall of the gastro- 
intestinal tract as were produced by prolonged treatment with intraperitoneal 
48/80 could not be reproduced fully by massive amounts of histamine given 
in beeswax. Histamine itself produced characteristic changes in the histamine 
content and distribution of the histamine in the stomach wall. 
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The daily injection of 20-40 mg histamine in beeswax to a total dosage of 
350-450 mg led at first to few detectable signs, but towards the end of the 
course of injections the animals became noticeably docile, lost weight and 
showed marked vasodilatation of the nasal area, and were eventually prostrated 
with severe diarrhoea, at which stage they were killed by bleeding under 
anaesthesia. 


Tastz 6. Ratio of histamine of mucosa of the corpus to histamine equivalent 
of mucosa of pyloric region of the stomachs of cate 
Corpus/pylorus 
After 
intra-arterial 
After After injection of After 


intravenous 100y¢48/80into histamine 
Normal 48/80 48 the coeliacartery in beeswax 
(from Table 1) (from Table 4) (from Table 2) (from Table 3) (from Table 8) 


1-32 0-93 1-12 0-95 0-76 
1-42 1-00 1-38 0-79 1-28 
1-57 1-12 1-61 0-71 0-63 
1-05 0-96 1-67 0-89 
1-06 0-86 1-50 0-88 
1-13 0-63 1-14 
1-56 0-96 1-68 
1-16 0-90 
1-37 0-69 
1-38 0-76 
Tasiz 7. Ratio of a histamine equivalents of the to the 
pyloric values from Tables 1, 4 and 8 for the stomachs of cats 
Corpus/pylorus 
After After 
histamine in 
Normal /80 beeswax 
Mucosa 1:30 0-87 0-83 
Submucosa + muscularis mucosae 1-12 0-67 0-56 
1-20 1-10 1-00 


Post-mortem findings. Two of the cats had large gastric ulcers, the omentum, adherent to the 
serosa, marking the site of the ulcer. In the other cats there was partial sloughing of the reddened 
gastric mucosa, with erosions both healed and unhealed. Lesions other than gastric were few; 
the terminal ileum was the site of a large haemorrhage in one animal, and the bowel contents were 
heavily stained with bile as far as the large bowel. 

Histamine content. Table 8 lists the values for the histamine content of 
tissues from five cats killed after massive histamine administrations. The mean 
values are compared with those of the normal cats in Table 5. The histamine 
content of skin, lung, and particularly of skeletal muscle was increased, whereas 
that of kidney, pancreas and liver was reduced. In the wall of the gastro- 
intestinal tract, the main change was found in the pyloric region of the stomach 
where the histamine content of all layers was increased, but. the effect. was 
most pronounced in the submucosa where the value was more than doubled, 
whereas in the mucosa the increase amounted to over 30%. In the corpus 
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region, on the other hand, the histamine content remained either unchanged 
or, as in the mucosa, actually decreased. The ratio of the histamine of the 
mucosa of the corpus to that of the pyloric region is shown in Table 6, and the 
ratio of the histamine of the submucosa plus muscularis mucosae and muscularis 
externa of the same regions in Table 7.. Like that after 48/80, the ratio has 
fallen in the mucosa and submucosa, but in this case the change is brought 
about not, or not mainly, by a decrease in the histamine content of the corpus 
segment but by an increase in that of the pyloric region. This is particularly 
striking for the submucosa ; the values for the muscularis externa are unchanged. 

Plasma histamine. Before the animals treated with massive doses of 
histamine in beeswax were killed, 5 ml. samples of blood were collected in 
heparin from the carotid artery and their plasma assayed for histamine; it was 
found to be unchanged. 

In normal cats an intravenous infusion of histamine causes a transient 
increase in plasma histamine, accentuated by evisceration and adrenalectomy, 
whereas the intravenous infusion of histamine in the cats treated with hista- 
mine in beeswax caused a similar, if somewhat less pronounced elevation of 
the plasma histamine, as seen from the following results. 

In the normal cat the histamine level of the plasma lay between 0-005 and 
0-05 ug/ml. (mean, 0-024). When assayed during a histamine infusion (20,g/ 
kg/min for 20 min), the values rose to between 0-06 and 0-14yg/ml. (mean 0-1) 
and remained at this level after cessation of the infusion for 10-15 min; in 
many instances thereafter the plasma histamine fell quickly to values below 
the initial levels. After evisceration or adrenalectomy the histamine infusion 
produced a greater and more prolonged rise; the plasma histamine rose up to 
0-32ug/ml., and in some instances remained at this level up to 45 min after 
cessation of the infusion. In the adrenalectomized cats the plasma histamine 
level could not always be followed throughout this period because of death 
from severe hypotension. 

In five cats which had been treated with massive doses of histamine in 
beeswax histamine was infused. The plasma histamine level rose from between 
0-01 and 0-03 ug/ml. (mean 0-02) to between 0-06 and 0-09ug/ml. (mean 0-08), 
i.e. to a somewhat lower level than that observed in the normal animals on 
histamine infusion. Again the rise in plasma histamine was accentuated by 
evisceration and adrenalectomy; the histamine infusion after evisceration 
increased the plasma histamine level to 0-24.g/ml., and after adrenalectomy 
to 0-30 ug/ml. | 

Reactions of cats after treatment with 48/80 

Acid gastric secretion. After prolonged treatment with 48/80 the reactions 
of the parietal cells to secretory stimuli were reduced, but it was still possible 
to produce acid gastric secretion either by large doses of 48/80, histamine 
infusion, gastrin injections or vagus stimulation. . 
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The diminished response to 48/80 is to a great extent explained as follows: 
the secretory effect of 48/80 on the parietal cells-is mainly the response to 
histamine liberated from distant organs such as skin and skeletal muscle 
(Smith, 1953). After prolonged treatment with 48/80, the histamine in these 
tissues is greatly reduced and the residual histamine requires relatively large 
doses of 48/80 for its release. In Table 9 the amounts of hydrochloric acid 
secreted in normal cats in response to 20-50 g/kg 48/80 are given; the amounts 
of acid secreted, expressed in ml. n/100-HCI, were between 120 and 168. After 
48/80 treatment, the intravenous injections of much greater doses of 48/80 
produced much smaller secretory effects. 


TasLe 9. Effect of intravenous injection of 48/80 on acid gastric secretion 


in normal and 48/80 treated cats 
Normal 48/80-treated 
Acid secretion Acid secretion 
Wt. of cat 48/80 (ml. 1/100 Wt. of cat . 48/80 (ml. 1/100 
(kg) (ng/kg) y-HCl) (kg) (mg/kg) y-HCl) 
2-8 20 125 3-2 50 0 
3-2 20 139 4-0 100 10 
4-0 20 120 2-8 300 19 
4-0 30 140 3-8 500 20 
3-8 30 147 31 1000 42 
3-6 50 168 3-1 2000 101 


The secretory response of 48/80-treated cats on intravenous injections of the 
large doses of histamine liberator must be accounted for, as in normal cats, 
mainly by release of histamine from such tissues as skin and skeletal muscle, 
but under these conditions from the residual histamine of these organs. This 
is shown by the results obtained (a) when comparing the secretory effect of 


_ 48/80 injected into different parts of the circulation, and (b) when comparing 


the changes in the histamine plasma levels produced by 48/80 in normal and 
in 48/80-treated cats. 

It was found that an injection into the femoral vein or artery was much more 
efficient in producing acid gastric secretion than an injection of the same dose 
of 48/80 into the coeliac artery. In one experiment 500ug/kg 48/80 were 
injected first intravenously, then into the coeliac artery and finally into the 
femoral artery. The acid secretion expressed in ml. n/100-HCl amounted to 
12-6, 2:5 and 10-5 ml. respectively. In another experiment, 2500ug/kg were 
injected in the following order: femoral artery, coeliac artery, femoral vein. 
The respective values for secretion were 94, 21-5 and 44 ml. 

An intravenous injection of 50ug 48/80, which in normal cats produced 
& copious acid secretion and also caused a rise in histamine plasma level, pro- 
duced in 48/80-treated- cats neither acid gastric secretion nor a rise in the 
plasma level of histamine. Indeed, an intravenous injection of 500 or 1000ug 
48/80 per kg into the 48/80-treated cats caused only a moderate rise of hista- 
mine plasma level to 0-04 and 0-09,g/ml. respectively, and the rise vee of 
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short duration, the initial histamine plasma level of 0-01 g/ml. being reached 
within 30 min after cessation of the infusion. On the other hand, Paton (1951) 
reports that an intravenous injection of 500ug/kg 48/80 into a normal cat 
caused a rise up to 0-5yg histamine per ml. 

The diminished secretory response of 48/80-treated cats to intravenous 
injections of 48/80 is not entirely accounted for by the great reduction in 
histamine of the tissues of these cats, because the secretory response to 
a histamine infusion itself was also somewhat reduced (Table 10). This 
reduction again was associated with and could be accounted for by a reduction 
in the histamine rise of the plasma following histamine infusion. In normal 
cats a 20 min infusion of histamine (20yg/min) increased the histamine in the 


(c) 
Fig. 1. (a) Normal cat, 3-2 kg, chloralose. 20yug/kg 48/80. (b-d) 3 kg cat treated with up to 
6 mg/kg 48/80 daily, chloralose. At (b) 50 ug/kg 48/80; at (c) 500 ng/kg 48/80; at (d) 1000 ug/ 
kg 48/80. Blood pressure record from right carotid artery. Time 10 sec. 


TaBxe 10. Effect of vagal stimulation, gastrin and histamine on acid secretion in normal 
secreted in individual 


Secretory stimulus Normal cate 48/80-treated cats 
venous infusion of histamine 66, 68, 76, 80, 75 16, 18-5, 21-5, 22, 25-5 
(20 pg/kg/min) for 20 min (mean 73) (mean 21) 
Intravenous injection of 10 mg gastrin 27-5, 32-5, 29-5 10-5, 8-5, 9-5 
% (mean 30) (mean 10) 
Alternate stimulation of right and 20, 26, 31, 38, 48 16, 18, 20, 22-5, 22 
_ left vagus during 15 min (mean 33) (mean 20) . 


plasma from 0-02-0-05 ug/ml. (mean 0-024) to 0-06-0-12 (mean 0-1) during the 
first 15 min after cessation of the infusion; in the five 48/80-treated cats of 
Table 9, the histamine level in the plasma scarcely showed a detectable rise 
after the infusion, the highest values in one cat being 0-O5yg/ml. Such an 
enhanced removal of histamine from the circulation partly explains its reduced 
secretory ability, but there may also be change in the sensitivity of the parietal 
cells to various secretory stimuli, because the secretory responses to gastrin 
and to vagal stimuli were also reduced (‘Table 10). | 
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_ Blood pressure. Cats treated with 48/80 during a period of 3 weeks, without 
compensation for fluid and electrolyte loss with saline injections, were 
dehydrated and had a low blood pressure. Fig. 1b is from such a cat treated 
with daily injections of 48/80 up to 6 mg/kg; the last injection of 48/80 was 
given 24 hr before the blood pressure record was taken. The blood pressure 
was then about 80 mm Hg. These 48/80-treated cats no longer gave a depressor 
response to the administration of 48/80 or histamine. As seen from Fig. la, 
injection of 20ug/kg 48/80 into an untreated cat caused a precipitous fall in 
blood pressure ; after prolonged treatment with 48/80, however, an intravenous 
injection of 50ug 48/80 per kg was ineffective in producing the depressor effect, 
and an intravenous injection of 500 or 1000ug/kg caused a slight, irregular 


(a) (b) 
Fig. 2. (a) Normal cat, 3-8 kg, chloralose; infusion of histamine 20 ug/kg/min. (b) 48/80-treated 
cat (see Fig. 1), similar infusion. (c) 48/80-treated cat (see Fig. 3), similar infusion. Blood 
pressure record from right carotid artery. Time 10 sec. 


rise of arterial blood pressure (Fig. 1c, d). The relative immunity of cats 
previously treated with 48/80 is to a great extent accounted for by the fact 
that the tissues no longer contain their usual store of histamine and that the 
histamine liberator releases only from the residual amount. In addition, the 
sensitivity to histamine itself has changed. In cats treated with 48/80, 
histamine infusion had a transient depressor effect followed by a prolonged 
secondary rise above the pre-infusion level (Fig. 2b); in normal cats a 20 min 


infusion of 20ug/kg causes a sustained fall in arterial blood pressure (Fig. 2a). 


~ In cats whose fluid and electrolyte loss had been replaced by intraperitoneal 
injections of saline and treated less rigorously with daily injections of up to 
4 mg/kg 48/80, dehydration was avoided and these animals maintained an 
arterial blood. pressure at slightly higher levels. Nevertheless, injections of 
48/80 or infusion of histamine produced responses different from those obtained 
34—2 
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in untreated cats. The experiment of Fig. 3a is from such a cat, given intra- 
peritoneal injections of 48/80 over 2 weeks up to 4 mg/kg with concomitant 
fluid and electrolyte replacement. The blood pressure 24 hr after the last 
injection of 48/80 was about 120 mm Hg. An intravenous injection of 50 ug/kg 
(Fig. 3a) was ineffective in producing the characteristic depressor response of 
48/80; 500ug/kg 48/80 (Fig. 3b), however, produced a fall in arterial blood 
pressure. When this dosage was repeated within 10 min (Fig. 3c), there was 
a lessening of the depressor effect. In normal cats similar injections of 48/80, 
repeated at short intervals, produce additive depressor effects (Paton, 1951). 
This may be attributed to an augmentation of the amount of histamine 
liberator in the circulation and to incremental release of histamine; presumably 
in the 48/80-treated cats, this effect is not obtained because of severe reduc- 
tion in the histamine available for release in the tissue stores. 


(a) (6) (c) 

Fig. 3. 3-8 kg cat treated with up to 4 mg/kg 48/80 daily with replacement of fluids, chloralose. 
(a) 50 yg/kg 48/80; (b) 500 pg/kg 48/80; (c) 500 yg/kg 48/80 within 10 min after (b). Blood- 
pressure record from right carotid artery. Time 10 sec. 

Intravenous infusion of histamine (20yug/kg/min) no longer produced its 
normal sustained depressor effect ; it now caused a rise in arterial blood pressure 
(Fig. 2c), probably due to outpouring of adrenaline from the adrenals, since 
it was no longer obtained after adrenalectomy. 


DISCUSSION 


The results obtained with 48/80 in cats show that the histamine in the various 
tissues is susceptible to the effect of this histamine liberator to different 
degrees. The susceptibility of the histamine in the skin is greater than that of 
any other tissue examined. As far as the alimentary tract is concerned the 
histamine in the mucosa of the corpus of the stomach is more readily released 
by 48/80 than that in any other area of the digestive tract. We do not know 
why the histamine in the various tissues shows this difference in susceptibility 
to 48/80, but it is interesting to note that Mongar & Schild (1952), studying the 
effect of histamine liberators in in vitro experiments on guinea-pig’s tissue, 
came, in general, to similar conclusions. Further, Feldberg & Talesnik (1953), 
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using the same method in rats as has been used in the present experiments in 
eats, also found that the histamine of skin and skeletal muscle was the most 
susceptible to 48/80 release. 

It is certain that the histamine level of a given organ is not the determining 
factor for susceptibility to 48/80. This is evident when the effect of 48/80 
is compared on the histamine of the skin, skeletal muscle and pyloric region 
of the stomach. On the other hand, as far as the skin is concerned, the first 
signs of histamine release with single injections of 48/80 into the blood stream 
occurred in those skin regions of high histamine content, i.e. outer ear, bristle- 
bearing area and eyelids. 

In the previous experiments on the acid secretion of the stomach produced 
by 48/80, the conclusion was drawn that the secretory effect of intravenous 
injections was mainly an effect of circulating histamine released by 48/80 from 
skin and muscle, and now borne out by the present results concerning 
changes in histamine content of various tissues produced by 48/80. It was 
further concluded, from the enhanced secretory response on injections of the 
histamine liberator into the coeliac artery compared with similar injections 
into the portal vein, that a small fraction only of the histamine of the gastric 
mucosa could be released and participate in the gastric secretory response. 
Again, the present finding that the mucosal histamine of the corpus of the 
stomach can be reduced by 48/80 is in accord with this conclusion. 

The effects of intraperitoneal injections of 48/80 in cats can almost all be 
explained by actions of the released histamine and the refractoriness which 
developed on repeated daily injections by lack of sufficient histamine readily 
available for release in the tissues. One must distinguish between effects of 
48/80 produced locally at the site of liberation and those produced by the 
histamine escaping into the general circulation. Only the latter may be 
capable of reproduction in full by injected histamine. The pruritus, the facial 
swelling, the occasional oedema of the nipple and genital area, and perhaps 
also the erythema of the nasal area are probably effects of histamine released 
in the skin acting at the site of liberation. It is interesting that the skin 
regions noticeably affected are those yielding, not only in cats but also in 
other species examined (Feldberg & Miles, 1953), relatively high histamine 
values on extraction. The fact that characteristic distribution of oedema was 
often to be seen as much as 1-2 hr after the injection, when the circulation 
improved, is understandable because, so long as the blood pressure is low after 
release of histamine, the pressure in the capillaries would be insufficient to 
cause fluid exudation. Notwithstanding the high histamine values in the skin 
obtained from the ear, little evidence of oedema was found in this region after 
48/80, probably the result of tight attachment at this site of the skin to the 
perichondrium of the cartilage, the mechanical factor therefore easily pre- 
venting accumulation of extravascular fluid. The general condition of shock 
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and collapse, it should be noted, was profound compared with that seen after 
intramuscular implantation of massive doses of histamine in beeswax; it would 
appear that this is merely the result of the more abundant and rapid release of 
histamine by 48/80 into the general circulation. 

Pathological sequelae in the cats treated over several weeks with 48/80 were 
‘mostly attributable to the effects of the histamine released. Gastric ulceration 
experimentally produced in this way is the result of the outpouring of acid 
secretion following release of endogenous histamine and does not appear to 
differ from the ulceration described by McIlroy (1928) and O’Shaughnessy 
(1931) following simple injections of histamine, or implantation of the hista- 
mine in beeswax (Hay, Varco, Code & Wangensteen, 1942). Other changes, 
such as diffuse engorgement of the rugae of the stomach, increased vascularity 
of the colon with shredding of its epithelium, and the haemorrhagic necrosis 
of Peyer’s patches and the lymph nodes of the ileocaecal region may also be the 
result of release of histamine. Similar lesions of less severe type have been 
observed in the guinea-pig by Feldberg & Smith (unpublished observations). 
They also resemble those described by Selye (1937a) associated with non- 
specific stress, and they were accompanied by increased vascularity of the 
adrenal glands leading to haemorrhages into those structures in several cases. 
Such lesions are unlikely to have resulted from, though they are in general 
similar to, those described following damage to many parts of the central 
nervous system (Beattie, 1932; Cushing, 1932; Watts & Fulton, 1935; 
Speranski, 1943; Schachter & Schachter, 1949). In cats, confusion may arise 
with the sequelae of feline enteritis (as reviewed by Gledhill, 1952). It should 
be noted, however, that the above observations were made in cats free from 
signs of infection. 

Repeated injections of 48/80 produced changes which were not only the 
result of insufficient histamine available for release. The sensitivity to hista- 
mine itself was altered in some way, as indicated by the impaired acid output 
following. infusion of histamine itself into 48/80-treated animals. Lower plasma 
histamine values were found in these animals, as well as in those treated with 
massive doses of histamine in beeswax. It has been shown (Eichler & Killian, 
1931; Karady, 1936; Selye, 19376) that repeated or prolonged histamine 


treatment induces resistance often to this substance itself, and it would appear — 


that this is true for the effects of histamine endogenously released; whether 
this is a true alteration in the sensitivity of the tissues themselves to histamine, 
or the result of facilitation in the disposal and inactivation of histamine in 
histamine-treated animals, has not yet been determined. 

The marked absence of reactivity to 48/80 in animals chronically treated 
with the histamine liberator extended also to the vasodepressor reactions; in 
some cats the main response was a pressor effect and was probably due to 
release of adrenaline since it was prevented by adrenalectomy. Secretion of 
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adrenaline from the adrenal medulla appeared to override the capillary 
dilatation which normally largely masks the release of adrenaline following 
injection. of 48/80 into a normal cat. 

The association of released adrenaline in cats surviving rigorous treatment 
with histamine liberator with the lessened sensitivity of such animals to 
histamine suggests that adrenaline plays yet another role, namely enhancement 
of histaminase activity in the intestinal and other tissues as a result of stimula- 
tion of the anterior pituitary gland and discharge of adrenal corticosteroids. 
It has recently been shown that the anterior pituitary secretion is responsible 
for the maintenance of histaminase activity (Haeger, Jacobsohn & Kahlson, 
1952), and it is significant that diminished sensitivity to histamine was 
accompanied by a greater efficacy in the disposal of histamine from the blood 
stream when the adrenals and the intestinal tract, the main source of hista- 
minase, were in situ. Exhaustion of this defensive mechanism in the animals 
succumbing to the severe and lethal effects of 48/80 may have been in some 
way the result of numerous haemorrhages into the adrenal glands. 

In general, the histamine of the peripheral tissues such as skin and skeletal 
muscle seems the more labile, at least to synthetic histamine-releasing agents, 
and may serve as a useful agent in local tissue activity, securing the activation 
of all possible mechanisms of defence in the response to injury. But such 
release, if excessive, is at the expense of the general safety of the organism 
because of the powerful effects histamine has on smooth muscle and on the 
dynamics of the circulation. When histamine release is of modest amount in 
response to noxious agents, the homeostatic mechanisms of elimination and 
destruction, involving renal excretion, absorption into the tissue space, lymph 
channels and gastro-intestinal tissues, come into play. Absorption into the 
gastro-intestinal tissues is particularly beneficial in the cat, for in this species 
the intestine is by far the richest source of histaminase (Haeger & Kahlson, 
1952). The stomach wall, on the other hand, can do little in the inactivation 
of histamine; indeed, as a poor source of histaminase, it may be that this very 
factor explains the marked increase in the histamine content of the pyloric 
region of cats treated with histamine in beeswax, whence it would be more 
slowly excreted than from the acid secretory region of the parietal cells in the 
corpus. 

Large amounts of infused or released histamine may be removed rapidly 
from the vascular system and may lead to sudden fall in plasma histamine 
level; Schachter (1952) has observed a marked fall in plasma histamine after 
the administration of neoarsphenamine and bile salts, shown by him to possess 
among other characteristics the ability to release histamine. Comparable 
sudden lowering of plasma histamine following administration of histamine is 
described by Dragstedt & Mead (1935), Rose & Browne (1938), Code (1939) 
and Emmelin (1951) and primary reduction of histamine levels following 
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anaphylaxis in the rabbit by Rose & Leger (1952), ascribed by them to 
increased serum histaminase activity. Activity of the latter type would explain 
the relatively small increase of the histamine content.of many tissues examined 
in cats treated with large quantities of histamine implanted intramuscularly, 
and might be regarded as a defence mechanism against gross inundation of the 
plasma; such protection probably involves a discharge of adrenaline into the 
circulation, at once beneficial to the vascular state and to the general condition 
of the animal by discharge of pituitary and adrenal hormones. The enzyme 
histaminase dependent on these hormones may be potentiated by them, as is 
true for oestrogens (Kapeller-Adler, 1951). The general gain to the organism 
from outflowing of adrenaline and secretion of pituitary hormones is at first 
great, but subsequently, however, this defence mechanism becomes exhausted 
and the animals are thin, weak and docile, and present a picture of low blood 
pressure and body temperature, and severe loss of weight. Such a state is 
akin in many ways to that of adrenal insufficiency. 


SUMMARY 


1. The histamine content in the skin of the cat shows regional differences 
similar to those found in other species. It is possible, with single intravenous 
or intra-arterial injections of 48/80, to reduce the skin histamine, particularly 
in those regions of highest histamine content. Injections of 48/80 into the 
coeliac artery lead, in addition, to a slight reduction in the histamine of the 
mucosa of the corpus region of the stomach. In all other tissues examined the 
histamine content is unchanged. The release of histamine from the skin leads 
to a transient rise of plasma histamine. 

2. Intraperitoneal injections of 48/80 in cats are followed initially by 
severe symptoms of prostration, vascular collapse, respiratory distress and 
alimentary disturbances. On recovery, erythema and facial oedema are 
noticeable. With repeated intraperitoneal injections of 48/80, the symptoms 
decrease in intensity and higher doses have to be given to be effective. This 
refractoriness is mainly accounted for by lack of labile tissue histamine. By 
these injections it is possible to reduce the histamine in the skin by over 80%. 
Lung, skeletal muscle and gastric mucosa of the corpus release relatively small 
amounts. The histamine of the other tissues examined is resistant to release 
by 48/80. Post-mortem, there are gastric ulcers, intestinal lesions and hae- 
morrhages in the adrenals. 

3. When large doses of 48/80 are injected into the circulation of a cat 
treated with intraperitoneal injections of 48/80 over prolonged periods, the 
acid secretory response of the stomach is greatly reduced and there is a minimal 
fall in arterial blood pressure. Lack of tissue histamine available for release 
is the main factor for this altered response. There is, however, a change in 
reactivity to histamine itself; its acid secretory effect is reduced and its main 
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vascular effect may no longer be a fall but a rise in blood pressure due to 
output of adrenaline. 


4. In cats treated with repeated intraperitoneal injections of 48/80 and in 
cats treated with massive doses of histamine in beeswax, an intravenous 
infusion of histamine produces a much smaller rise in plasma histamine than 
in untreated cats. This may account, at least in part, for the greater resistance 
and diminished sensitivity of the 48/80 treated cats to histamine. Removal 
of histamine from the circulation in these cats, however, is impaired after 
removal of the adrenals or evisceration. , 


This work was done during the tenure of a Medical Research Council Fellowship in Clinical 
Research ; I should like to express my gratitude to Sir Charles Harington for kindly providing 
accommodation at the National Institute for Medical Research and to Dr W. Feldberg, to whom 
I am indebted for much encouragement and advice. 
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EXPLANATION OF PLATE 


A. Mucosal aspect of stomach of ost treated with 48/80, up to 4-5 mg/kg dosage; gastrio ulceration, 
with surrounding diffuse engorgement of the mucosa. 

B. Photomicrograph of section through edge of the gastric ulcer shown in A. Ulceration pene- 
trates to the muscularis mucosae; necrotic epithelium is seen near the periphery, beyond 
which there is transition to relatively normal mucosa. . 
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NEUROMUSCULAR TRANSMISSION IN A LOCUST 


By J. pet CASTILLO, G. HOYLE any XENIA MACHNE 
From the Departments of Physiology and Zoology, University College, 
| London 


(Received 12 February 1953) 


This paper gives a description of some of the electrical events associated with 
the neuromuscular transmission of impulses in the jumping leg of the Jocust, 
as recorded with intracellular capillary micro-electrodes. 


METHODS 
Fibres of the flexor tibialis muscle of the jumping leg of the locust (Locusta migratoria migratorioides 
R. & F.) were used. These fibres, of about 8 mm length, are attached at one end to the cuticle of 
the curved border of the femur near the trochantero-femoral joint, and to the flexor tibialis 
apodeme at the distal end. The muscle is divided into separate bundles or units of about 7-20 muscle 
fibres, each provided with a common tracheal system and nerve supply. They are innervated 
by a branch of the crural nerve which arises at the metathoracic ganglion. 

The jumping leg, attached to the metathoracic segment, was isolated, leaving intact the 
nervous connexions with the central ganglia, as shown by the presence of reflexes, The preparation 
was brought into a chamber consisting of a glass dish divided into two separate troughs by a 
paraffin wall 2 mm thick (see Fig. 1). The metathoracic segment was placed in one trough and the 
femur in the other, whereas the coxa and trochanter were laid in a slot of appropriate size cut in 
the partition wall, where they were sealed by gently warming the surrounding paraffin. This 
provided a good fixation for the preparation and the electrical insulation necessary for stimulation. 
The joints between femur and tibia, and coxa and metathorax were fixed so that movements of 
the leg were prevented. The main ridge of the ventral surface of the femur was arranged to project 
upwards. The dish containing the preparation was fixed to a Perspex block sliding on a Perspex 
plate. The whole was mounted on the base plate of a Brown-Schuster myograph; its vertical 
column was used to hold the microelectrodes and the micrometer drive controlling them. 

Once the preparation was fixed, the chamber was brought under a binocular-dissecting micro- 
scope and @ portion of the cuticle of the femur about 3 mm long and 1 mm wide was cut away 
with a sharp knife exposing parallel fibres of the flexor tibialis muscle. A second area of cuticle 
together with some attached muscle fibres, was also dissected from the dorsal surface of the limb 
so that it was possible to illuminate the preparation from underneath. 

The troughs on either side of the paraffin wall were then filled with saline; this was of the same 
composition as that used by Hoyle (1953). Its ionic content expressed in m.mole/1. was as follows: 


-K10; Nal40; Ca2; Mg2; H,PO,6; HCO, 4; C1148. 


The crural nerve was stimulated by applying an electric pulse of about 0-5 msec duration across 
the partition wall by means of platinum electrodes immersed in the bathing fluid. 0-1 F con- 
densers were placed at each stimulating electrode. 
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The electrical activity of single muscle fibres was recorded with the aid of intracellular capillary 
micro-electrodes of external tip diametér less than about 0-5 pu. Both the micro-electrodes and the 
recording cirouit of high input impedance were conventional and similar to those described by 
previous authors. In some experiments a polarizing current was made to pass through the 
membrane with « micro-electrode situated at a distance less than 50» from the recording one. 
Both electrodes were cemented together and controlled by the same micrometer drive. A square 
pulse of current of variable duration was delivered through the polarizing electrode via a 0-5 »F 
condenser. In these experiments the bath electrode was directly connected to the second grid of 
the input stage. Another bath electrode connected to earth through a resistance closed the 
polarizing circuit, the resistance being used to measure the applied current. 


When the electric pulse applied across the partition wall reaches threshold 
strength, the first sign of neuromuscular activity is the appearance of a brisk 
twitch of the tarsus. If the strength is now increased, and the leg is free to 
move, a twitch of the flexor tibialis muscle is observed. With higher stimul, 
a twitch and frequently a tetanic contraction of the extensor tibialis muscle is 
seen following each single shock. | 

If a micro-electrode is inserted into a muscle fibre a resting membrane 
potential of negative sign is observed. Its average value measured by Hoyle 
(1953) under the same experimental conditions, is of about 60 mV. Now, 
when the crural nerve is stimulated, a potential change in opposite direction 
is observed, which will be referred to as a ‘muscle potential’. Its presence is 
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. Fig. 1. Diagram of experimental arrangement. 

RESULTS 

Muscle responses to nerve stimulation 
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always associated with a contraction of the muscle fibre. This was determined 
by simple» visual inspection, and no attempt has been made to record the 
mechanical responses of the muscle. In some preparations, and with supra- 
maximal stimulation, the applied pulse may be followed by a repetitive 
response; this seems to be due to the presence of the intact metathoracic 
ganglion, as it could be prevented by severing its peripheral connexions. In 
some cases it is possible to record the first three or four muscle potentials 
before the electrode breaks or comes out of the fibre. A small potential which 
may be attributed to the activity of intramuscular nerve branches is observed in 
some cases (see Fig. 3.4) preceding the muscle potential. At room temperature 
there is no appreciable latency between the nerve potential and the initiation 
of the electrical activity of the muscle. At lower temperatures, however, there 


Fig. 2. Repetitive activity evoked by the impalement of a locust muscle fibre recorded on 
a stationary frame. The upper horizontal trace represents the zero base-line. 


is a marked delay between both events, which may reach the value of about 
5 msec as can be observed in Fig. 3C. At 20-23° C the muscle potential begins 
about 3-5 msec after the initiation of the stimulus artifact and reaches its 
peak in about 3—4 msec; its half-decay time is also of the same order of 


magnitude. 


The amplitude of the muscle potential is roughly the same as that of the 
corresponding resting potential. In many fibres, however, a reversal of the 
resting potential during activity has been observed, i.e. the muscle potential 
overshoots the zero base-line. The magnitude of this overshoot is smaller than 
that recorded in frog muscle (cf. Nastuk & Hodgkin, 1950) and in the present 
experiments never reached more than 20 mV. The size of the overshoot seems 
to be dependent upon: the condition of the preparation. Its absence is one of 
the earliest signs of deterioration. It is possible, therefore, that in the intact 
animal the overshoot reaches higher values than those observed. Fig. 2 shows 
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repetitive muscle potentials elicited by the impalement of a muscle fibre in 
a fresh preparation; these were the highest values of overshoot which have 
been recorded. 


Fig. 3. Electrical activity of a locust muscle fibre at three different temperatures as recorded 


without removing the micro-electrode. The temperatures of the bath fluid were, in records 
A, B and C, 18-5, 10-5 and 6-0° C respectively... 


Influence of temperature on the muscle responses to indirect stimulation 

The influence of temperature on the muscle potential has been examined. 
The temperature of the surrounding fluid was made to vary between 25 and 
5° C. In some cases, this could be done without removing the electrode from 
a fibre. As Fig. 3 shows, not only does lowering the temperature result in 
a change of the time course and amplitude of the muscle potentials, but also 
some details of their nature become apparent. The most interesting change is 
the appearance of a deflexion, or step, in their rising phase. This suggests that 
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the described muscle potential is not a single event but the sum of two 
different processes: a-basic depolarization reinforced by a superimposed 
potential change. Pes 

By lowering the temperature below 10° C the superimposed potentials are 
considerably reduced in magnitude and eventually disappear. Only the basic 
depolarization can then be observed. This remaining potential change seems to 
be analogous to the end-plate potential (e.p.p.) recorded at the neuromuscular 
‘ junction of curarized vertebrate muscle, and in non-curarized crustacean 
muscle (Katz & Kuffiler, 1946). The superimposed potentials do not seem to be 
essential for muscular contraction and brisk twitching of the muscle fibres 
could be seen in their absence. The effects of lowering the temperature are 
fully reversible. | 

No significant changes in the size or time course of muscle potentials and 
pure e.p.p.’s due to variations in the frequency of stimulation could be 
demonstrated, their size being constant from the first impulse. The fact that 
the initial amplitude of the e.p.p. is large and that there are no signs of 
facilitation indicates that the nerve fibres stimulated in the present experi- 
mental conditions behave in a similar manner to those of the ‘fast’ systems, 
as described in other species. 

The size of the e.p.p. did not vary in size by more than about 10-15% when 
recorded at different points of the same muscle fibre, i.e. no evidence of a 
spatial decrement of the e.p.p. in relation to a fixed focus could be obtained. 
This suggests that the locust muscle fibres are provided with nerve endings 
extending over a great length of the fibre, rather than with a discrete focal 
innervation, as in the case of vertebrate muscle. This fact supports the earlier 
histological findings of Marcu (1929) in other insects. 


Relationship between end-plate potential and resting potential 
As Fatt & Katz (1951) have indicated, it is possible to get further informa- 
tion on the nature of the membrane process responsible for the production of 
the e.p.p. by studying the relationship between its magnitude and that of the 
corresponding resting potential. By passing an inward current through the 
membrane with the aid of a second internal electrode, the resting potential 
can be made to increase above its normal value. The e.p.p. can then be elicited 
and measured in this new condition. This has been done in ten fibres. Fig. 4 
illustrates one experiment. In Fig. 5 the values of the e.p.p.’s have been 
plotted against the corresponding resting potentials; the size of the former 
being approximately proportional to that of the latter. It appears, therefore, 
that in the locust muscle fibre, the end-plate potential may arise by a mechanism 
similar to the one suggested by Fatt & Katz in the case of frog muscle, namely 

by the establishment of a fixed leak resistance across the membrane. 
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Fig. 4. End-plate potentials and superimposed responses obtained with three different values of 
resting potential (see text). Its original value (B) was raised at C and D, A representing the 


zero base-line. 
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Fig. 5. Magnitude of the e.p.p. in mV plotted against value of resting potential in mV. 
Dotted line indicates direct proportionality (see text). 
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Direct stimulation of the muscle fibre membrane 

In order to obtain more information about the nature of the potential change 
reinforcing the e.p.p., experiments were performed in which the muscle fibre 
membrane was directly stimulated by applying current with a second micro- 
¢lectrode. The relationships between the magnitude of the current made to 
flow through the membrane in both directions, and the resulting potential 
changes were first studied. In the case of an inward current, an approximately 
linear relationship between voltage and current was found, whereas with an 


Fig. 6. Oscillatory potential changes evoked in a locust muscle fibre by applying a steady outward 
current. The upper record in A shows the voltage drop produced by the current flowing 
through the membrane across a monitor resistance (see Fig. 1). 


outward current, and in fresh preparations, a departure from linearity has 
been observed when the depolarization exceeded a value of about 20-25 mV 
due to the appearance of active membrane responses, particularly evident 
when the duration of the applied current was of about 10 msec or more. The 
characteristics of these potential changes are variable and seem to be dependent 
upon the condition of the preparation. In fresh preparations they took the 
form of potential oscillations superimposed on the electrotonic potential 
generated by the steady flow of current (Fig. 6). Their frequency varied from 
a few to over 100 per sec, showing little or no accommodation and occasionally 
PH. OXXI. 35 
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a spike-like character, see Fig. 6B. The maximal amplitude reached was of 
about 25 mV above the steady electrotonic potential. They were always, 
however, graded events and one may regard them as local responses. 

A deterioration of muscle excitability was invariably observed during the 
course of the experiments. The size of the oscillatory potential changes 
diminishes, and accommodation becomes apparent. Eventually, only a small 
deflexion at the beginning of the flow of current can be observed, usually for 
2-3 hr. In the preparation employed, the normal oxygen supply to the muscle 
fibres, i.e. the direct pumping of air through the tracheal system, is interrupted. 
The normal excitability of the membrane may be dependent upon the main- 
tenance of this air supply. In addition, it is possible that the composition of 
the saline used does not provide an adequate medium. However, the nerve 
excitability and the e.p.p. did not seem to be appreciably impaired during the 
course of the experiment. Many preparations continued to exhibit e.p.p.’s as 
a result of nerve stimulation and reflexes after 24 hr. 


DISCUSSION 


The results of the experiments described indicate the existence in locust muscle 
of a neuromuscular transmission mechanism which resembles in some features 
that described in vertebrates and crustacea. The arrival of the nervous impulse 
at the terminals elicits an e.p.p. which is reinforced by a superimposed potential 


change due to an active response of the muscle membrane. The experiments — 


in which the relationship between size of the e.p.p. and resting potential have 
been determined indicate that the e.p.p. in locust muscle fibres may be due 
to the establishment of a resistance leak across the membrane, in a similar 
way to that suggested by Fatt & Katz (1951) in frog muscle. 

It has also been shown that the membrane of locust muscle fibres is capable 
of showing active responses as a result of the depolarization elicited by an 
applied current. The size of the observed responses never reached more than 
25 mV and they appear to be graded events. This, however, does not exclude 
the occurrence of all-or-nothing responses in the intact animal. 

The behaviour of the muscle fibres of the jumping leg of the locust differs, 
apparently, from that shown by the second tergal muscles of the trochantin 
in another insect, Periplaneta americana (L.), according to the results obtained 
by Roeder & Weiant (1950). The stimulation of the nerve branch supplying 
motor fibres to this muscle elicits electrical changes which spread in the 
muscle very rapidly from the point of nerve entry, so that all the parts of the 
muscle were involved within 0-5 msec. They concluded that the recorded 
potentials were due to the sum of local (end-plate) potentials developing at 
the muscle fibres, and no evidence was found of their transition into active 
membrane responses. . 
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SUMMARY 

1, The neuromuscular transmission of impulses in the jumping leg of the 
locust was studied with the aid of intracellular micro-electrodes. 

9. Indirect stimulation of the muscle fibres results in an electrical change 
consisting of an e.p.p. reinforced by an active membrane response. The second 
of these two events is decreased by lowering the temperature and is absent 

below 10° C. 

3. The size of the e.p.p. is approximately proportional to the value of the 
resting potential. This suggests that in these fibres the e.p.p. may be due to 
a mechanism similar to that postulated for the frog striated muscle. 

4, The membrane of locust muscle fibres shows also active responses as 
a result of the depolarization produced by an applied current. 


Our thanks are due to Mr P. M. G. Bell for his unfailing technical assistance. 
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CONE-MONOCHROMATISM 


By R. A. WEALE 
From the M.R.C. Group for Research in the Physiology of Vision, 
Institute of Ophthalmology, London ° 


(Received 16 February 1953) 


In the absence of any other clue, a person with monochromatic vision is unable 
to appreciate differences between hues of equal luminance. His monochroma- 
tism is diagnosed by his ability to match any two colours merely by equating 
their luminances, when all other clues are absent. Two principal types of this 
defect have been described in the literature. One, rod-monochromatism, is so 
well known and its characteristics have been so extensively described that 
most visual physiologists are no longer interested in it. However, the other, 
cone-monochromatism, has been encountered so rarely that its very existence 
has been conceded only in pathological cases. The two types differ in their 
frequency of occurrence and mode of inheritance. Thus rod-monochromatism 
occurs once in thirty thousand, and many blood relations of one family can 
exhibit it. The incidence of cone-monochromatism, on the other hand, has been 
estimated at one in a hundred million (Pitt, 19444), and has never been noted 
more than once in a family. The two types differ also by their concomitant 
symptoms. Cone-monochromatism has none, while rod-monochromats suffer 
always from reduced visual acuity, and frequently from nystagmus and 
photophobia. The spectral variation of the rod-monochromatic sensitivity 
closely agrees with the absorption spectrum of visual purple: this fact, coupled 
with the central scotoma experienced by rod-monochromats, supports the 
view that the defect is due to the inactivity or absence of cone-mechanisms. 
A satisfactory explanation of cone-monochromatism has not been advanced. 

Since more detailed information on cone-monochromatism was urgently 
required because of the light it might shed on theories of colour vision in 
general, a nation-wide search for cone-monochromats was initiated in June 
1950. There is little doubt that the apparent rarity of the defect is partly due 
to inadequate methods of detection: e.g. the Ishihara Tables are not very 
reliable in this respect (Weale, 1953). Accordingly, the methods of screening 
and detecting cone-monochromats were improved. 


¢ 
| 
> 
+ a 
3 
é 
fan 
J 4 
4 4 
2 
ri 
a 
4 


CONE-MONOCHROMATISM 549 


METHOD 
ing and identificati 


__ An opportunity, kindly offered by the Editor of the Sunday Express, was accepted by appealing 


for the co-operation of totally colour-blind persons who fulfilled the following three conditions: 

(1) They must confuse coloured photographs with black and white photographs. 

(2) They must have good visual acuity. . 

(3) Light must not cause them any discomfort. 

These conditions, on which no compromise was permitted, served to eliminate rod-mono- 
chromates since these have reduced visual acuity and are photophobic. Twenty-three people 
teplied, the majority of whom admitted some colour discriminating ability when questioned more 
closely. Those who lived near London and showed some promise were invited for separate inter- 
views at which the following teste were made. The observer was shown large and small objects of 
different colours and asked the colour names. The Ishihara Tables were used at reading distance 
and at about 3 yards. Finally, the observer was asked to match a red (650 my) and a green 
(530 mz), the green and a blue (460 m,), and lastly, the red and blue fields on the Wright colori- 
meter (1946), the bipartite field subtending at the eye an angle of 1° 20’. Failure to make matches 
led to rejection. 

In fact, only one person, A.R.J., aged 34, a man of high intelligence and a capable observer, 
fulfilled these preliminary testa satisfactorily. His colour naming was not unsystematic but partly 
governed by luminance. He was incapable of reading any of the Ishihara Tables at reading 
distance, and at a distance of 3 yards only no. 1. His visual acuity, corrected for a refractive error 
acquired during an attack of measles, was 6/3. 

To test potential observers living outside London, a portable chromatoscope was constructed 
(Fig. 1). A 3-5V 1W lamp lit by an Ever Ready battery, was placed at the focus of lens L,. The 
parallel beam thus formed was divided into two parts by the right-angled prism P, which passed 
one-half through an Ilford Bright Spectrum filter F’, and the lens, L,, forming an image of the 
filament on the plane steel mirror S. A neutral wedge W made it possible to reduce the intensity 
of this beam. On its return journey the beam passed again through W and L, but missed F,; 
it was intercepted by the photometer prism M, one-half of whose diagonal plane was silvered. 
This reflected the beam, and lens L, formed an image of the filament in the plane of the artificial 
pupil A. A field lens L, enabled an emmetropic observer to see lens L, in Maxwellian view: 
® circular aperture D of angular diameter 2° was placed so as to be bisected by the central silver 
edge of M. The other half of the parallel beam formed by L, passed through a neutral density 
filter and another Ilford Bright Spectrum filter, F,. This differently coloured light filled the right- 
hand half of the circular field offered to the observer. The whole optical system was mounted on 
an aluminium base into which fitted four telescopic supports, enabling one to adjust the height of 
the instrument on a table without cramping the observer. No mouthpiece was used. If the 
observer was totally colour-blind then he or she would be able to produce a perfect match between 
the two halves of the field no matter what their colour, simply by altering the brightness of one of 
them (the left one in this case), The nature of the test was explained with two neutral density 
instead of coloured filters in F', and F, respectively. This enabled the experimenter to check on the 
observer’s reliability. In the presence of the coloured filters (nos. 205, 622, 625) an additional 
neutral density filter was placed in the right-hand path since the equalization of the two 
brightnesses might otherwise have been impossible. 

Eight of the more promising correspondents who lived outside London were examined with this 
apparatus and one of them, J.G., a 31-year-old woman, was found to be totally colour-blind and 
a reliable observer. She could read only no. 1 of the Ishihara Tables at both distances. Her results 
slightly differed from A.R.J.’s, so that another approach was made to the Sunday Express. This 
led to the discovery of three more totally colour-blind observers: P.S., who could not read any of 
the Ishihara Tables, but matched any spectral stimulus on the Wright colorimeter with any other, 
merely by equating their luminances; D.A., who could read some of the tables but was proved to 
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be totally colour-blind by the chromatoscope test; and A.B. This intelligent young man, aged 18, 
could also read a number of the tables but satisfied the chromatoscope test and, later, teste on the 
Wright colorimeter. None of the above showed any of the symptoms of rod h ti 

Observers A.R.J., J.G., A.B., and P.S. were tested on the Wright colorimeter. P.S. unfortunately 


35 V battery 1W lamp 
I\ 
\ 
90° prism, P | | 
Neutral 
wedge, W 
== 


Fig. 1. The chromatoscope (for explanation see text). 


emigrated to Canada on the day after the one and only test. Consequently, the first three 
subjected to further searching tests. 

Use of colour names. A closer investigation of the observer’s colour naming revealed that they 
were at a complete loss with a 15’ field. A.B.’s use of names was governed by luminance, a fact 
strikingly borne out by a scale of greys which he had produced to help him in collecting postage 
stamps. J.G.’s colour descriptions were similar to those which might be employed by a person 
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with colour names: red and orange were ‘like the setting sun’, a dark blue was ‘like 
the night sky’, a blue-green was invariably called ‘dirty’. It is interesting to note that if a red 
colour was matched to green in luminance so that they appeared identical, the whole of the test- 
field received the ‘setting sun’ attribute, similarly for the others when matched to green (530 my). 
But when red and blue were matched to each other the answer was uncertain. A.R.J.’s use of 
edlour names was very revealing. Any dark surface was ‘blue’, any light surface ‘yellow’ or 
‘oream’. Red surfaces were usually named correctly because they ‘stand out’. He inferred 
‘green’ either because none of the above seemed applicable or because he knew the object to be 
green. The fact that red ‘stands out’ is familiar also to people with normal colour vision, and may 
be due to chromatic stereoscopy. A.R.J., however, found red to ‘stand out’ also in monocular 
vision, which suggests that he might be sensitive to chromatic changes of acoommodation.* This 
particular observer was subjected to a colour-naming test in which he was presented with a sheet 
of white paper (10° x 20°) illuminated with a tungsten filament lamp (40 W 240 V) at a distance of 
about 2 ft. He viewed it monocularly through Ilford spectrum and neutral density filters in turn 
presented in a random manner. His responses were as shown in Table 1. He was surprised when 
told after the test which was the yellow filter: ‘I thought yellow was much lighter.’ But when the 


Tasixz 1. Colour names given by A.R.J. to various Ilford bright spectrum and neutral 
density filters 


Test lst series 2nd series 
Neutral (density = 1-0) Red Bluish 

Green Blue Blue 
(density = 1-3 
ous ) 

Red Dark red Dark red 

Blue Dark blue 
Orange Red Red 
Neutral (density = 2-0) ? ? 

Violet Dark, dark blue Dark blue 
? ? 
? ? 


Neutral (density = 1-3 


stimuli were spectral and smaller in area (1° 20’), and there was no additional clue, such as a back- 
ground illumination to help A.R.J., his colour naming was as shown in Table 2 (col. 1), When the 
other half of the test-field (530 my) was also presented and the two luminances were matched the 
answers were those shown in col. 2. The difference in the responses to spectral and non-spectral 
stimuli may be due to the fact that the latter subtended a larger field. A.R.J. was at a loss also 
with small field non-spectral stimuli. It may well be that his responses to spectral stimuli were 
more erratic because the Wright colorimeter is fitted with an achromatizing lens in the exit pupil. 
This lens (Wright, 1946) is so designed as to neutralize the chromatic aberration of the human eye. 
If A.R.J. receives a clue to colour by the chromatic aberration of his eye and the latter is 
neutralized, the clue will disappear and his naming become erratic, If a field of 530 my is juxta- 
posed and his eye is out of alinement to but the smallest degree, part of the clue will again be 
available and his colour naming become more systematic. The tables show that, when presented 
with fields of adequate size, A.R.J. was able to allot to them fairly applicable colour names, 
especially when red or blue was involved. Nevertheless, he could match the two latter, although 
he confused them less frequently than any other (green was called blue or red). It would appear 
that, in his colour naming, A.R.J. relied on the activity of one or more mechanisms other than 
those normally mediating the sensation of colour. The chromatic aberration of the dioptric system 
could provide one of them. But since A.R.J., like the other observers, was able to match any 
part of the visible spectrum with any other merely by altering the relative luminance, he could be 


called a cone-monochromat in spite of his use of colour names. seed 


* This has since been confirmed by Fincham (1953). 
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Further preliminary tests, Before any measurements were made, each of the three observers was 
asked to match single spectral stimuli, chosen at random, with other single spectral stimuli, also 
chosen at random. They succeeded in making a match in every case except when the insufficiency 
of the energy output of the lamp made this impossible at high luminance levels; on reducing the 
latter, a match became possible once again. 

Attempts were made to obtain wavelength discrimination curves with A.R.J. and A.B. in the 
following manner. The upper and lower fields (A and B) were both set to \~650 mp and the 
observer matched their luminances. He then changed B to a shorter wave-length: by adjusting 
the intensity control of A he could then match the luminance of the new wave-length to that of 


Taare 2. Colour names given by A.R.J. to various spectral stimuli, (1) in the absence, 
(2) in the presence of a juxtaposed field of 530 mp 


(mp) (1) (2) 
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Pillar-box red: when very 
bright it looks like a flame 


650 mp. Next he changed B to a wave-length shorter than before, and matched the luminances 
again, and so on till B was in the violet. In all cases A and B were matched in hue. Next, A 
was set to 600 my and the procedure repeated. Finally A was set to 460 mp and B altered to- 
wards longer wave-lengths. Once again, all the matches were performed. In his investigation of 
tritanopia, Wright (1952) discovered an observer who was nearly totally colour-blind, showing 
some residual wave-length discrimination in the red at about 630 my. To ensure that none of the 
present observers could be classed with Wright's case particularly close attention was paid to this 
region in connexion with all three of them: they showed no colour discrimination whatever. 

A thorough ophthalmoscopic examination of the fundi of A.R.J.’s eyes, performed by Sir Stewart 
Duke-Elder, failed to reveal any abnormality. The other observers were not examined. 

In cases of this nature, the experimenter depends to a considerable extent on the observers’ 
honesty. Furthermore, Blackwell (1952) has shown that a pay-motive can have some influence 
on the observer's visual performance. The 0o-operation of the three observers was motivated by 
the highest principles, A.R.J. and A.B., in particular, being willing to attend any number of 
sessions without any regard to reimbursement of expenses. 

Numerous tests failed to detect any short-comings in their honesty. For example, if A.R.J. 
should want to simulate total colour-blindness, why should he think that the first of the Ishihara 
Tables should be any more legible at a great than at a small distance? Why should he and A.B. 
find that they can ascribe colour names only to the larger of two equally coloured fields? Did any 
of the three observers say they could match two stimuli whose intensity was so different that 
® match was impossible? Tests and traps of this kind revealed beyond any doubt that the answers 
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these observers gave were honest and their matches genuine. These preliminary tests suggested 
that A.R.J., J.G. and A.B. conformed with the definition of a cone-monochromat and their 
photopic spectral sensitivity at the fovea was accordingly measured with 1° 20’ and 15’ bipartite 
fields in turn. 
Measurement of spectral sensitivity 

The sensitivity of each observer was measured on the Wright colorimeter (Wright, 1946). The 
instrument had been calibrated for the purpose of the investigation of tritanopis (Wright, 1952) 
which proceeded simultaneously with the one on cone-mo cy. Since a totally colour- 
blind person does not have to contend with the difficulties of heterochromatic photometry, 
equating the luminances of the two fields {A and B) is an ideal way of measuring his sensitivity, 
for it is a null-method. Thus the same criterion can be used in the large and small field measure- 
ments, which renders the two sets of data strictly comparable. The wave-length of the field B was 
set to 530 my and kept there throughout the investigation. The wave-lengths of A were chosen 
in a random order and the observer was asked to match the luminance of A to that of B. The 
reciprocal of the relative spectral energy giving rise to a sensation of constant brightness at 
different wave-lengths, and measured at the observer’s cornea, represented the spectral sensitivity 
8,. The 1° 20’ field was square, A and B forming two equal juxtaposed oblongs, separated 
vertically. The 15’ field was circular, A and B being divided by a horizontal diameter (cf. Fig. 2). 


TaB_e 3. Luminance levels and corresponding spectral ranges 


15’ 1° 20’ 
(e.f.c.) A (mp) (e.f.c.) A (mp) 
A.R.J. 42 510-640 42 490-640 
1-67 460-500, 650-700 1-67 440-480, 650-700 
0-42 420-450 0-42 420-430 
J.G. 42 490-630 42 490-630 
1-67 440-480, 640-700 1-67 450-480, 640-700 
0-42 410-430 0-42 410-440 
A.B. 42 490-650 42 490-640 
1-67 460-480, 660-700 1-67 450-480, 650-700 
0-42 420-450 0-42 420-440 


The usual lack of energy at the extremes of the spectrum made it necessary to reduce the 
luminance level towards the two extremes of the spectrum. The conditions for each observer are 
set out in Table 3. 

In a single session of 1 hr the whole spectrum was covered once. Since the level of adaptation 
does not appreciably affect the photopic sensitivity the measurements were not preceded by 
dark-adaptation, each observer being tested immediately after arrival. 


Measurements of the absolute threshold 

The absolute threshold was determined for the central fovea by means of a circular 45’ field 
formed by the prism face of a Hilger monochromator (Weale, 1951), the test wave-length being 
530 my. A small red light provided a fixation mark at the centre of the field. The fixation light 
was bright enough to be continuously observable. Two measurements were taken for each observa- 
tion: (a) the limiting energy at which the test-field did not appear after blinking; and (5) the 
limiting energy at which it did not disappear a few moments after blinking. The mean of these 
values is here defined as the absolute fovea] threshold. Two observers with normal vision, L.C.T. 
and R.A.W., also determined this threshold, all the results being referred to the value obtained 
by the latter. 


a 
; 
iz 
P 
x 
) 
q 
a Mi 
ay % 
‘ ; 
¢ 
4 
< 


554 R. A. WEALE 


RESULTS 
sensitivits 
The values have been calculated for an equal quantum spectrum. Figs. 2-4 
show the data obtained for A.R.J., J.G. and A.B. respectively. In view of the 
rarity of these cases the measurements have been collected in Table 4. Kach 
point represents the mean of five independent measurements obtained on 


A(rmyz) 


Fig. 2. Foveal spectral sensitivity data. Observer A.R.J. © © O, 1° 20’ field 15’ field; 
the relative sizes of the fields are shown. 
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different days. The mean values of the three large field measurements and those 
of A.R.J.’s and A.B.’s small field measurements are shown in Fig. 8. The curves 
in Fig. 2 represent mathematical functions to be discussed below. Apart from 
the reduction in A.R.J.’s and A.B.’s sensitivity to light of short wave-lengths 
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Fig. 3. Observer J.G. (for details see Fig. 2). 


with reduction in field size (Figs. 2 and 4), the data for the three observers are 
substantially similar. Like those obtained for other types of foveal colour 
vision, they have a single maximum each; it is located at 540-545 my. “Shape- 
irregularities’ occur at 600 my, at 470-480 my and at 430-440 my. In the red, 
beyond 600 my, the trends are smooth. 
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Some values for the standard errors of the mean are shown in Fig. 2 to 
indicate the significance of the discrepancy between the values obtained with 
the small and large fields respectively. The overlapping of the points at longer 
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Fig. 4. Observer A.B. (for details see Fig. 2). 


wave-lengths would make the vertical bars, representing +¢,,, indistinguish- 
able from each other. The values of ,, are shown for all three observers in 
Fig. 5, the larger open circles representing those for the 1° 20’, the small filled 
ones for the 15’ data. It is interesting to note that J.G.’s values for o,, at 
1° 20’ are erratic, not betraying a systematic spectral variation. A.R.J. and 
A.B., on the other hand, show distinct deteriorations at wave-lengths shorter 
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than 500 mp, which cannot be due only to the reduction in luminance level, 
because there is no comparable increase in o,, at longer wave-lengths, and 
A.R.J. in particular shows an improvement at very short wave-lengths. The 
g,, values at 15’ are more erratic for all three observers, tending to a minimum 


in the green part of the spectrum. 
Tastx 4. Values of log S,, for three cone-monochromats 


A.B. J.G. A.R.J. 

A (mp) 15’ 1° 20 15’ 1° 20’ 15’ 1° 20’ 
410 = — 0-238 0-085 _ ois 
420 0-226 0-383 0-372 1-843 0-204 
430 0- 0-451 0-482 1-923 0-292 
440 0-284 0-564 0- 0-538 1-988 0-380 
450 0-340 0-552 0-563 0-646 1-970 0-373 
460 0-677 0-742 0-709 0-120 0-506 
470 0-711 0-881 0-848 0-940 0-401 0-736 
480 0-919 1-029 1-061 1-088 0-537 0-908 
490 1-195 1-159 1-215 0-723 0-990 
500 1-294 1-359 1-413 1-408 1-030 1-252 
510 1-524 1-691 1-645 1-626 1-374 1-491 
520 1-750 1-762 1-743 1-779 1-614 1-683 
530 1-862 1-859 1-877 1-840 - 1-700 1-754 
540 1-918 1-876 1-882 1-878 1-757 1-797 
550 1-964 1-864 1-904 1-865 1-745 1-774 
560 1-865 1-833 1-864 1-833 1-701 1-757 

. 870 1-838 1-808 1-753 1-784 1-675 1-699 
580 -668 1-669 1-758 1-698 1-607 1-575 
590 1-638 1-549 1-564 1-562 1-471 1-462 
600 1-494 1-419 1-419 1-441 1-276 1-314 
610 1-316 1-184 1-205 1-242 1-075 1-088 
620 1-041 0-972 0-978 0-989 0-798 0-845 
630 0-689 0-636 0-693 0-664 0-548 0-558 
640 0-412 0-335 0-412 0-364 0-247 0-263 
650 0-078 1-991 0-079 0-045 1-923 1-946 
660 1-766 1-689 1-763 1-713 1-566 1-638 
670 1-424 1-347 1-426 1-417 1-267 1-290 
680 1-202 1-072 1-148 1-121 3-975 1-031 
690 5-835 3-762 3-767 5-824 5-667 5-694 
700 5-483 5-393 5-382 3-485 3-363 5-378 

Absolute sensitivities 


These values related to the ‘normal’ observer, R.A.W., are shown in Table 5. 
The sensitivity of A.R.J. is comparable with that of the two normal observers 
L.C.T. and R.A.W. The two other values are much higher, corresponding to 
sensitivities 8-8 and 23 times as large as R.A.W.’s. 


Tasiz 5. Values of the absolute threshold 


A.B. J.G. A.RB.J. L.C.T. R.A.W. 
Log 8, for 530 my 1-366 0-946 0-191 0-080 0-000 
DISCUSSION 


Shape irregularities. The most striking feature of Figs. 2-4 is that all the 
data exhibit shape irregularities in approximately the same spectral regions 
as those for normal, protanomalous and protanopic observers (Stiles & 
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Crawford, 1933; Thomson, 1951; Weale, 1951). In order to discover whether 
or not the data deviate significantly from smooth curves, orthogonal poly- 
nomials were fitted to A.R.J.’s results by a method due to Fisher & Yates 
(1943). The smooth curves in Fig. 2 are of the form: 


log S,,=a+Ab+ca® + 
ARJ. 
005 = 
e 1.G. b 
* 
A.B. c - 
005 ° 
400 500 = 600 


Fig. 5. The standard errors of the mean (c,,) of the sensitivity data (a: A.R.J., b: J.G., 
ce: A.B.). The circles refer to the 1° 20’, the dots to the 15’ data. 


where the coefficients of A are calculated from the experimental data. The 
question now arises: is the difference between the experimental data and the 
orthogonal polynomial—which represents the best fitting smooth curve of the 
fourth order—statistically significant? When these differences are evaluated, 
and Fisher’s z-test is applied to them, they are found to be highly significant 
even on a 0-1% basis of probability. The differences (A) are plotted as a 
function of wave-length in Fig. 6c and compared with similar difference curves 
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obtained for normal (a) and protanopic observers (b) (Thomson, 1951). It is 
) not without interest that, in general, the differences are maximal at 430 and 
620 mp and that there is a shoulder at 470-480 mp. Further, the differences 
obtained for the totally colour-blind observer are similar to the normal, 
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Fig. 6. Values of A for two normal (a), a protanopic (b), and a cone h ti 


observer, A.R.J. (c). @, 15’; O, 1° 20’ field. 


except in the red part of the spectrum and similar to the protanopic through- 
out the spectrum. It is even more interesting that a single-humped curve of 
the fourth order is incapable of doing justice to A.R.J.’s sensitivity curve, thus 
suggesting that not even a cone-monochromatic sensitivity function is as 
simple as has been thought in the past (Hartridge, 1949). 

The standard errors of the mean. In the wave-length range of 500-700 mp 
there is a definite tendency for ¢,,, to be larger for the 15’ than for the 1° 20’ 
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data. Shown very clearly in connexion with observers A.R.J. and A.B. and, 
to a smaller extent, with J.G. (Fig. 5), this effect would be expected because 
of the greater difficulty associated with small field observations. Whereas this 
tendency persists with J.G. also at short wave-lengths, there is a reversal in 
A.R.J.’s and A.B.’s data: the large field produces a larger scatter than the 
small. A.R.J. shows a well-marked maximum at 460 my which suggests that 
this wave-length caused him the greatest difficulty. This was confirmed by 
information he volunteered. Whereas the shape irregularities in the sensitivity 
curve may be ascribed to the effect of selective pre-receptoral absorption (v.i.) 
such an explanation cannot be advanced in order to account for A.R.J.’s and 
A.B.’s a, values for the 1° 20’ field. And, as previously noted, the change in 
luminance levels cannot be made wholly responsible either. Further, if A.R.J.’s 
and A.B.’s o,, values for the 15’ field are examined, they reveal a closely 
parallel course between as large a wave-length range as 420-580 my. The 
trend of J.G.’s o,, values for 15’ is similar, though the parallel is not so 
compelling. Crozier (1950) ascribed such reproducible features to ‘a property 
of the excitation process which is not affected by the action of irrelevant 
absorbers’. He associates them with retinal colour-mediating mechanisms and 
_ furnishes evidence in support of this view. If totally colour-defective observers 
had but a single receptor mechanism governed by the absorption spectrum of 
a single pigment, such a systematic non-uniform variation of o,, would be 
difficult to explain. The tentative conclusion from Fig. 5 is that their defect is 
post-receptoral. 

Comparison of 1° 20’ and 15’ data. Whereas J.G.’s sensitivity data for the 
two field sizes are in close agreement with each other, those of A.R.J. and A.B. 
differ in that reduction in field size decreases the sensitivity to light of short 
wave-lengths. It will be recalled that the change in field size forms the only 
variable in this comparison, the method of measurement and luminance levels 
being the same in both cases except for the small alterations in the spectral 
range as shown in Table 1. It has been argued that such depressions, also 
found in some normal observers, may be due to macular pigmentation. The 
additional postulate required to account for the present depressions is that 
the macular pigment should be more concentrated at the thinnest part of the 
retina than anywhere else. . 

The unreserved acceptance, however, of the suggestion that the depression 
in the short-wave sensitivity is due only to an increase in the concentration of 
macular pigment is hardly possible. The reason is that both A.R.J. and A.B. 
observed structures associated with Maxwell’s spot when viewing a 1° 20’ field 
illuminated by light of wave-length 460-480 mp. A.R.J. noticed a semi- 
elliptical dark patch in the upper field when its wave-length was in this region 
with a corresponding lighter patch in the lower half which was at 530 my. Its 
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iappearance is shown in Fig. 7a. The patch had a major axis of about 20’ and 
appeared only after a moment’s observation, i.e. the eye did not become so 
adapted as to convey the sensation of uniform illumination. It surrounded 
the fixation area and was not noticeable when the small field was used. The 
luminance matches in the 1° 20’ measurements were possible precisely because 
this ‘shadow’, as A.R.J. termed it, did not appear till after a moment’s 
observation. It impeded the operation of matching and is undoubtedly 
responsible for the increased standard errors of the mean at the shorter wave- 
lengths. It is interesting to note that when the test-field was kept at 460 mp 
and the comparison field at 570 and 580 my the match was made with greater 
difficulty than for any other combination. 


460 my. 460 mp 530 mu 
% 
= 
: 
530 mp 460 my 530 mu 


a 
Fig. 7. Entoptic phenomena seen by A.R.J. (a), and A.B. (6 and c). 


A.B. described the structure shown in Fig. 76. By moving the eye vertically 
and horizontally it was possible to complete the circles which appeared at their 
best at 460 my. Another structure, a dark C shown in Fig. 7c, appeared within 
the limits of 517-5 and 601 mp, being maximal at 524 my. This structure 
surrounded the fixation area and thus caused no embarrassment. Like A.R.J., 
A.B. had some difficulty with the matches at shorter wave-lengths, a fact 
which is again illustrated by an increase in the values of the standard errors 
of the mean for the 1° 20’ field. 

J.G, did not observe any of these phenomena. In this connexion it is 
interesting to note that her 15’ and 1° 20’ data are very nearly the same, and 
that the spectral variation of her standard errors of the mean for the 1° 20’ 
field does not resemble the others. 

Walls & Mathews (1952) have adduced impressive evidence in favour of the 
belief that entoptic phenomena, similar to the ones here described, are due to 
inhomogeneities in the population of receptor-mechanisms. The discovery of 
such phenomena in totally colour-blind observers might tempt one to the out- 
right rejection of such a view, and to replace it by a hypothesis which would 
account for them on the basis of the uneven distribution of the macular 
pigment. But the refusal of the eye to become adapted to such inhomo- 
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geneities militates against it. A.R.J. ’s and A.B.’s observations suggest that 
both factors contribute to the reduction of the short-wave sensitivity 
measured with small fields. 

J.G. is obviously in a different class, although her sensitivity data are in 
excellent agreement with A.R.J.’s and A.B.’s 1° 20’ curves. It is a pity that 
even the simplest type of colour-vision, namely cone-monochromatism, should 
have to be subdivided. 

Comparison between the absolute values of log S,,. Although the agreement in 
the shapes of the three large field and two small field curves respectively is 
closer than in most other types of colour vision there are slight but systematic 
differences in the absolute values. A.R.J.’s data are everywhere somewhat 
lower than are those of J.G. and A.B. This is unexpected, particularly at 
530 mp since the comparison stimulus was at 530 mp: if differences might 
have arisen at all other wave-lengths this one should be excepted. Admittedly, 
the differences, at 530 my are not statistically significant when considered 
alone, but those at neighbouring wave-lengths are in the same direction. It is 
possible that one of the observers (A.R.J.) was not perfectly alined—an 
operation which depends solely on his or her judgement—thus altering the 
energy content of the comparison field. But a more likely and more plausible 
explanation lies in a non-uniform retinal distribution of the receptor mechanisms 
which could lead to such an effect. The absolute values for 530 my (cf. Table 4) 
show that, measured in this manner, A.R.J.’s 15’ sensitivity is 32% lower than 
the average of J.G. and A.B.’s, and his 1° 20’ is 20% lower than their cor- 
responding average at this wave-length. 

The absolute thresholds. Table 5 shows that, of the three cone-monochromats, 
only A.R.J. had an absolute threshold at all comparable with the ones 
measured in the colour-normal observers, L.C.T. and R.A.W. The thresholds 
of J.G. and A.B. were much lower, and this may well be due to temporary 
inability to fixate: J.G.’s threshold was measured immediately after her arrival 
from Birmingham, and A.B.’s after a night journey from Glasgow. Both these 
observers may thus have suffered from train nystagmus which might have 
impeded the precise fixation required in these measurements of the absolute 
threshold. Such inability to fixate would lead to the stimulation of some rods 
with a resultant increase in sensitivity. Perhaps it should be emphasized 
that this stricture did not apply to the spectral measurements: all the 
observers were well rested and able to fixate. 

Comparison with other monochromats. Abney (1913) gives data for a cone- 
monochromat, which cannot, however, be compared directly with the present 
set because his spectrum was not corrected for the inequality of the spectral 
energy distribution. In order to do this, his photopic curve was divided by the 
C.1.E. curve. The test determining whether this correction was appropriate 
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st consisted in applying the correction factors thus obtained to Abney’s scotopic 
y | curve. The new curve was in satisfactory agreement with the scotopic data 
given by Stiles & Smith (1944), and it was concluded that the correction could 
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Fig. 8. Comparison of the mean of the 1° 20’ data with Abney’s cone-monochromat (a) and with 
Pitt’s cone-monochromat (6); and of both the 1° 20’ and 15’ data with Willmer’s results 
obtained for the central fovea of dichromate (c) and with Pitt’s fundamental response 
curves (d). ©, 1° 20’ field; @, 15’ field. 


be applied to Abney’s data for the cone-monochromat. The corrected curve is 
shown in Fig. 8a, where it is compared with the mean of the present — 
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1° 20’ data. Except forthe location of the wave-length of maximum sensitivity, | (W™ 
the correlation is disappointing. to 2: 

The present data are also compared with those of Pitt’s observer (1944), | obat 
Fig. 8b. The agreement between the two is much better in this case than in the 
other. Part of the remaining discrepancy can be ascribed to the ‘smoothing’ 
of the older data, and to the conversion from a percentage to a log basis. 

Fig. 8c shows a comparison between some of Willmer’s (1949) and the 
present large and small field data. Willmer argued that since the fovea of the | 
normal eye exhibits dichromatic characteristics when tested with very small | _ 
fields the dichromatic eye might be monochromatic under the same conditions. | 
This expectation was indeed fulfilled, and the oblong points show the pro- 
tanopic sensitivity curve as measured with a 10’ field: they are consistent with 
the new values. In view of the finding that a change in field size does not 
affect J.G.’s sensitivity it is not surprising that Willmer’s data do not agree 
precisely with one set or the other. 

‘A few other cases of cone-monochromatism are mentioned in the literature 
(cf. Heinsius, 1938; Sloan, 1946, 1951, etc.). None of the authors has, how- 
ever, measured the observer’s spectral sensitivity, or if they have (Sloan & 
Newhall, 1942) their data are too inadequate to permit a valid comparison; 
but they are compatible with the present data. The dark-adaptation curve 
given by Sloan (1946), however, shows the two branches usually associated 
with cones and rods respectively, thus supporting the view that the defect of 
total colour-blindness is post-receptoral. 

Comparison with Pit’s fundamental response curves. Pitt derived a set of 
fundamental response curves (19446) by assuming (a) that the protanope 
lacked the long-wave receptor mechanism, postulated by the tristimulus 
theory, and (5) that, in the deuteranope, this mechanism was fused with the 
medium wave-length mechanism. On the basis of the classical trichromatic 
theory, the sensitivity of cone-monochromats might be expected té agree with 
one of the three response curves. Although Fig. 8d shows that the ‘green’ curve 
is the most promising candidate, agreement between this and either of the 
cone-monochromatic sets cannot be said to be very good. While the dis- 
crepancy at short wave-lengths may be due to Pitt’s use of the c.1.8. sensitivity 
curve, which has recently been shown to be too low in this region (Thomson, 
1949; Ishak, 1952), the lack of agreement at longer wave-lengths cannot be 
similarly explained. It suggests that the cone-monochromatic sensitivity is 
not really identifiable with Pitt’s green fundamental response. 

Comparison with other types of sensitivity curve. The view that cone-mono- 
chromatism is a defect in its own right and unlikely to be due to a combination 
of simple factors is reinforced by a comparison between the 1° 20’ data and 
others obtained for 6 protanopes, 6 deuteranopes (Pitt, 1935), 7 tritanopes 


4 


: CONE-MONOCHROM ATISM 565 
(Wright, 1952), and 2 normals (Thomson, 1949). Their maxima were put equal 
to 2-000 and plotted in Fig. 9. The protanopes confuse red with green and are 
characterized by a very low sensitivity to light of long wave-lengths. The 
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deuteranopes also confuse red with green but their sensitivity to light of long 
_ wave-lengths is nearly normal. The tritanopes confuse blue with green. Fig. 9 
4 thus represents a comparison of all the principal types of colour vision. 
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Furthermore, the arrows indicate the upper and lower limits which Gibson & 
Tyndall found for normal observers (1923). 


The comparison of these five sets of data reveals a striking fact: if Gibson & 


Tyndall’s limits for normal observers are accepted, there can be, broadly 
speaking, only two types of sensitivity curve as measured with medium size 
fields, Cone-monochromats are not characterized by a sensitivity lower than 
that of other types throughout the whole range of the ‘visible’ spectrum. Thus 
there are normal observers whose sensitivity to light of short waves can be 
much lower than the cone-monochromatic. At the other extreme of the 
spectrum, the protanopic is systematically lower than the cone-monochromatic 
sensitivity. It follows that there is not the close correlation between colour 
vision and spectral sensitivity which has been postulated in the past: vast 
though the differences between the various types of colour vision may be, the 
actual spectral sensitivity curves are substantially alike. This is hardly com- 
patible with the trichromatic theory which postulates that the spectral 
sensitivity is the sum of the three colour-mediating mechanisms. , 
The general similarity of all foveal photopic sensitivity curves, modified 
only by a single subdivision, and coupled with the fact that a change in field 


size can alter the cone-monochromatic sensitivity without a concomitant — 


change in colour vision suggests that the deficiencies in the colour-mediating 
mechanisms take place, at least in the cone-monochromat, at a level higher 
than the receptoral. The actual absorption of light seems to take place in all 
observers by mechanisms which are fundamentally similar: this confirms the 
view that some colour-defects are of a post-receptoral nature. 

Comparison with the absorption spectra of visual pigments. It has been sug- 
gested in the past (Abney, 1913; Hartridge, 1949) that the photopic spectral 
sensitivity of the cone-monochromat corresponds to that of the ‘green’ cone- 
mechanism. It would follow that, if this is the only one to function in a cone- 
monochromatic retina, its sensitivity might be comparable with the absorption 
spectrum of the responsible cone-pigment, much as the human scotopic curve 
has been compared with the absorption characteristics of visual pigment 502 
(frog visual purple) or the scotopic sensitivity of the tench with those of visual 
pigment 533 (visual violet). Dartnall (1952) found that the shapes of the 
a ion spectra of all the known visual pigments were identical if plotted 
on a frequency abscissa. If, therefore, the cone-monochromatic photopic 
function were due to the absorption of light by a single pigment, one would 
expect it to fit the common pattern. The two types of cone-monochromatic 
sensitivity were corrected for the absorption of light by the ocular media 
(Ludvigh & McCarthy, 1938), and various amounts of macular pigment 


assumed in order to obtain empirical agreement. This led invariably to over 
or under corrections in other spectral regions for which the sensitivity was 
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¢alculated. Moreover, at longer wave-lengths the selective absorption by pre- 
receptoral media is universally thought to be negligible. But not even the long 
wave-length part of the cone-monochromatic sensitivity function can be made 
to tally with the pattern if it is assumed to depend on a single pigment. It 
follows that either Dartnall’s pattern does not fit the human ‘green’ cone- 
pigment, just as it fails with other photopic dominator and modulator curves, 
or else the cone-monochromatic sensitivity is not due to a single pigment. 
Other possibilities hardly arise: e.g. one cannot argue that the disagreement is 
due to this sensitivity not being scotopic, because pigments 467 (tench), 510 
(bleak) and 565 (chick) which fit the pattern are apparently not scotopic either. 


| 
ae @ Totally colour-blind 
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Fig. 10. J.G.’s family tree. 


Colour vision in the observers’ blood relations. The most extensive inquiries 
have failed to discover any relation of A.R.J.’s who would admit to being 
colour-blind. A.R.J.’s parents and sister were tested, but found to be normal. 
Like A.R.J., A.B. had no colour-defective relatives. P.S. had a brother, now 
deceased, who suffered from a colour defect, and a maternal cousin of his is 
also colour-defective: no further details could be elicited. J.G.’s father is 
severely protanomalous (Fig. 10); her mother’s colour-vision seems normal 
although she mis-read Ishihara’s Plate 4 (20 instead of 70 or 29). J.G.’s paternal 
grand-parents are both normal; but two paternal uncles and the son of one of 
them are anomalous. J.G.’s son (aged 8) was tested and seems to be deuterano- 
malous: J.G.’s husband, however, is also colour-defective and consequently 
no deduction can be made from this finding. 

The incidence of cone-monochromatism. Pitt’s estimate (1944a) of the 
occurrence of this defect (1 in 10*) is based on the assumption that it 1s due to 
the combination of protanopia and tritanopia. In the light of the above com- 
parison between various sensitivity curves, it is uncertain whether this view 
can be upheld; but, in any case, Wright’s more recent estimate of the incidence 
of tritanopia as lying between 1 in 12,000 and 1 in 60,000 would increase Pitt’s 
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estimate to 1 in 10° or 10’. It is improbable that the present inquiry elicited 
replies from all the congenital cone-monochromats in Great Britain; never- 
theless, five have been identified so that the corrected value of Pitt's estimate 
is feasible. The implication is that the frequency of occurrence of cone- 
monochromatism is governed by that of protanopia and tritanopia respectively, 
i.e. two separate chromosomes are involved in its inheritance. It would appear, 
however, that the resultant defect cannot be expressed in terms of the two 
defects characteristic of these genes respectively. 


SUMMARY 


1. An account is given of the methods of screening employed in the 
detection of persons who are thought to be cone-monochromats. 

2. Their colour naming is described. 

3. The foveal spectral sensitivity of three cone-monochromats was 
measured between 420 and 700 mp. Two field sizes, subtending at the eye 
angles of 15’ and 1° 20’ respectively were employed. The method consisted in 
matching the luminance of various spectral stimuli to a constant stimulus at 
530 my. 

4. In two observers there was a significant variation in sensitivity with 
field size: the sensitivity to light of short wave-lengths was reduced by 50% 
when the field size was 15’. © 

5. A wide variation was observed in absolute thresholds measured at 
530 my: the threshold of one of the observers agreed substantially with those 
of two colour-normal observers, the two others were much lower. 

6. The significance of the data is discussed. They are compared with other 
data on cone-monochromatism and with Pitt’s fundamental response curves. 
It is suggested that the cone-monochromatic sensitivity cannot be identified 
with the green response. 

7. A comparison of the sensitivity curves, characteristic of the five principal 
types of foveal colour-vision, is made, and it is suggested that there is con- 
clusive evidence for the existence of only two types of curve. Colour defects 
are, therefore, thought to be located mainly in post-receptoral structures. 


My thanks are due to Prof. W. D. Wright, Imperial College, for his generosity in allowing me the 
unrestricted use of his colorimeter; also to Mrs J. Grant, Mr A. R. Jackson, and Mr T. E. A. 
Barclay for their willing help and boundless enthusiasm; also to Dr L. C. Thomson for his interest 
‘in the work, for acting as one of the ‘normal’ observers, and great help in organizing the inquiry : 
also to the editor of the Sunday Express for making available space on two occasions; also to Dr 
E. N. Willmer, Cambridge, for critically reading the typescript. 
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DEFECTS OF THE COLOUR-SENSE MECHANISM AS 
INDICATED BY THE ACCOMMODATION REFLEX 


_By E. F. FINCHAM 
From the Institute of Ophthalmology, London, W.C.1 


(Received 16 February 1953) 


Our information regarding colour differentiation by the visual mechanism is 
based mainly upon subjective experiments. The sensations of colour which are 
studied by these methods are the end-results of the complex chain of events in 
the visual mechanism commencing with the absorption of light by the visual 
pigments and culminating at the visual cortex in the processes of perception. 
Such a chain of processes leaves room for functional abnormalities at many 
stages. Theoretically there is no more reason to assume that defects in colour 
vision are caused by abnormalities in the functions of the retinal receptors 
than by abnormalities at any other stage. 

The initiation of those nerve impulses which eventually give rise to visual 
sensation is, however, not the only function of the retina; it also sends signals 
to the superior colliculus for distribution to the motor centres for the operation 
of reflexes. If one of these reflexes can be found to depend upon the differentia- 
tion of colour the study of its operation may help us to locate the site of the 
defects which cause anomalies in colour vision, or at least it may serve to show 
whether the abnormality of colour sensitivity is retinal in origin. | 

The accommodation reflex is particularly suitable for this study because its 
reaction can be watched objectively with some precision. Earlier investigations 
(Fincham, 1951) showed that the reflex reaction of accommodation to changes 
in the divergence of the light entering the eye is stimulated by changes in the 
coloured fringes at the edge of the retinal image due to chromatic aberration 
(the chromatic stimulus). This was proved by the failure of the reflex in about 
half the normal subjects examined when the chromatic aberration of the eye 
was corrected or the object illuminated with monochromatic light. It will be 
seen that this chromatic stimulus is universally employed in normal vision. 
The occurrence of accommodative reactions to monochromatic light in many 


normal subjects is, however, evidence of an additional form of stimulus (the 
achromatic stimulus). 
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The existence of two stimuli to the reflex causes some complication because 
in the subjects in whom both of these stimuli function, the achromatic stimulus 
would still produce a reaction when defects in colour sensitivity prevent the 
operation of the chromatic stimulus. However, the tests on those trichromatic 
subjects who reacted to both chromatic and achromatic stimuli showed that 
when both stimuli were present the mechanism would react to a smaller object 
than when, by the use of monochromatic light, the chromatic stimulus was 
eliminated. Thus we may assume that if in colour-defective subjects the 
smallest size of object which will produce a response is found to be the same for 
monochromatic and heterochromatic illumination, the chromatic mechanism 
is absent. If, on the other hand, this minimum size depends on whether the 
illumination is monochromatic or heterochromatic, the existence of retinal 
sensitivity to the components of the heterochromatic light is indicated: 

It might be supposed that in cases of abnormal colour vision, and in 
particular in cone monochromats, the chromatic stimulus to accommodation 
would be weakened or absent. The purpose of this investigation was the 
examination of the accommodation reflex in subjects with colour-defective 
vision to see whether the results would reveal something of the nature of the 
visual abnormality. 
| METHOD 

Apparatus 
An objective study of the changes in the dioptric power of the eye occurring when the divergence 
of the light from the object is changed has been made by using the coincidence optometer 
(Fincham, 1936). This instrument enables the user to view the image of a vertical line formed 
upon the subject’s retina. When the object is not conjugate with the retina the upper and lower 
halves of the image appear to be out of alinement, and the measurement of the refraction of the 


_ @ye is made by bringing the object to a position conjugate to the retina, when the two parts of 


the line will appear coincident. The mechanism which in effect moves the object is scaled to read 
dioptres of refractive error of the eye, and allows changes in power as small as 0-2 D to be measured. 
In these experiments the change in power due to accommodation was approximately 1-0 D. The 
reactions were thus easily observed and their speed and precision could be studied. The luminous 
object or target in the optometer is used for measurement of refraction only, a separate and distant 
object provided the controlling stimulus for accommodation. 

The general arrangement of the apparatus is shown in Fig. 1. The object O was at a distance of 
4 m from the eye, and consisted of a transilluminated aperture the size of which could be controlled 
by means of an iris diaphragm. The light from the object was reflected into the subject’s eye by 
the transparent mirror M. Because of the inherent difficulty associaved with transparent mirrors, 
namely, the production of a double image, the mirror consisted in this case of a thin prism of 
& few degrees angle placed with its base-apex line vertical. The result of this was that the two 
images were so far separated that the subject could view the image from the first surface and 
ignore the other. Observation with the optometer was made through the mirror, which was so 
adjusted with regard to the position of the object that when the subject was viewing the latter 
his visual axis was displaced from the axis of the optometer by about 4°. This meant that all the 
observations were made at that angular displacement from the fovea, a condition made necessary 
by the brightness of the light from the optometer target which produced some glare. Two methods 
of changing the divergence of the light from the object which stimulated the adjustment of 
accommodation were tested. In the first of these a negative lens was introduced into the path of 
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the from the object as close to the eye as possible, but out of the path of the optometer. This 
deat ae 1). In the other method, a small telescope of unit magnification was fixed to 
the optometer with its axis coincident with the axis of the light from the object and its eyepiece 
occupying approximately the position of the negative lens L. Adjustment of the length of the 
telescope gave the required change in the divergence of the light from the object at the subject's 


movement of the object which must occur as the lens is dropped into position, ite effect was less 
rapid, and therefore ‘the interposition of the lens has been used as the standard method in the 
experiments which are described here. : 


Fig. 1. Plan of general arrangement of apparatus. OPT, optometer; Z, subject's eye; 
O, distant object; L, negative lens; M, transparent mirror. 


The relative operation of the chromatic and achromatic stimuli in the accommodation reflex of 
normal and colour-deficient subjects was studied by illuminating the object alternatively with 
monochromatic and heterochromatic light. The two lights chosen for the purpose were both 
yellow, one produced by a sodium lamp, the other by a mixture of green and red. This choice had 
the advantage that in testing trichromats, a suitable mixture of green and red can be made which 
so nearly matches the sodium light that when the illumination of the object is changed from the 
mixture to sodium, there is no/ehange of colour sensation. Differences in the accommodation 
reaction must therefore be due to differences in the sensitivity of the reflex mechanism. For the 
testing of dichromats, again the green + red mixture and sodium can be made to produce a match 
in both hue and luminance, and therefore a preferential reaction to the mixture would indicate 
that the mechanism which operates the accommodation reflex was capable of detecting the 
heterochromacy of the mixture, although in protanopes and deuteranopes the sensations evoked 
by green and red are the same. 

The illumination of the object was provided by three metal vapour lamps arranged in the 
manner shown in Fig. 2. The sodium lamp was used to give monochromatic illumination, a 
cadmium lamp was used with a red filter to produce illumination of 644 my and a mercury lamp 
with a green filter to give 546 my. The red filter being placed upon the main axis of the apparatus 
at an angle of 45° served to reflect from its front surface the green light of the mercury lamp along 
the axis at the same time as it transmitted the red from the cadmium lamp. In this way the green 
and red lights were mixed. The mercury and cadmium lamps were fixed at a distance from the 
achromatic lens A.L. conjugate with the subject’s eye which was 4m from the lens. Thus the 
lamps were imaged upon the eye and the lens was seen in Maxwellian view. This illuminated 
aperture of the lens served as the object, its size could be varied by the iris diaphragm D. The 
light from the sodium lamp illuminated the matt surface of an opaque white plate 0. This plate 
could be lifted out of the system by means of a cord arranged to pass over pulleys and operated 


4 
25 
y 
“ 
| 
« 
a 


ACCOMMODATION IN COLOUR-BLINDNESS 573 


‘from the position of the optometer. It could also be fixed half-way across the lens aperture so 
that the subject saw the aperture divided into two halves, the upper half illuminated with sodium 
light and the lower with the green +red mixture, which enabled the two lights to be compared. 
The sodium lamp was mounted upon a triangular section slide and could be moved along its axis 
so that a luminance match could be obtained with the mixture. This part of the apparatus was 
thus similar in arrangement to the anomaloscope. 

In setting up the apparatus the luminance of the mercury green light was reduced by means of 
& fixed neutral filter of density 0-2 which left the mixture slightly too red and thus adjustable by 
means of « neutral wedge filter N.W. in the path of the light from the cadmium lamp. Adjustment 
of this filter and the distance of the sodium lamp from the opaque plate permitted a very close 
match to be made. The desaturation of the mixture was just discernible by the author who has 


Hg 


Fig. 2. Plan of illuminating system of object. Na, sodium vapour lamp; Cd, cadmium vapour 
lamp; Hg, mercury vapour lamp; A.L. achromatic lens; D, iris diaphragm; O, opaque white 
plate; R, red filter; G, green filter; N, neutral filter; N.W. neutral wedge. 


normal trichromatic vision. The match was made with the eye in the position to be occupied by 
the subject, i.e. with the light reflected into the eye by the transparent mirror M (Fig. 1). The 
field which was used for matching was the full aperture of the lens subtending an angle of 1° at 
the eye of the subject. The luminance of the object thus seen was 4-5 ft. lamberts approximately. 
Preliminary ts showed this to. be an optimum brightness for the teste which were to be 
made and in view of the conditions under which the object had to be observed. Increasing the 
brightness gave rise to the well-known phenomenon where a bright spot of light of a few minutes 
diameter, when seen out of focus by the eye, assumes the appearance of a well-defined star or 
rosette. This is caused by the normal optical defects of the crystalline lens. Such a retinal image 
does not stimulate accommodation. On the other hand, a less bright object when out of focus 
was not well seen against the unavoidable glare produced by the strong light of the optometer 
target, 


Iumination of the object with a mixture of blue and green light was also provided. For this 
purpose the blue lines of the cadmium lamp were used, the red filter being replaced by a blue 
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filter (Kodak (4), and were added to the meroury green by the same method as that used for 
producing the green +red mixture. This filter (4 transmits from the cadmium lamp the wave- 
lengths 468 and 478 mp. This light was added to the mercury green in such proportions as to 
produce a distinctly bluish blue-green. The luminances of the three lights employed in the tests, 
sodium, green +red and blue + green, were equalized. This was done by matching the green + red 
mixture against the sodium by the method which has been described in which the opaque plate 
reflecting the sodium light is placed half-way across the lens aperture. The sodium lamp was then 
kept at the position which gave the balance with the green + red mixture, the red filter before the 
cadmium lamp was replaced with the blue filter, and the opaque plate was replaced by a sector 
disk coated with magnesium oxide. Rotation of the disk allowed a comparison of the blue + green 
and sodium lights by flicker, and a balance was obtained by placing suitable neutral filters in 
front of the mercury and cadmium lamps. This balance was agreed by two observers, and used 
throughout the experiments, except for the tests on the cone monochromats, when the luminances 
were equated for each subject. The equality of the green +red and sodium was adjusted for each 
trichromatic subject, except C. J. B. and J. P. D., who were anomalous. 
Subjects 

The trichromatic subjects were all under 30 years of age, approximately emmetropic and with 
good visual acuity. A preliminary test, to be described later, was carried out in order to select 
subjects who showed the accommodation reflex to monochromatic as well as to white light. All 
were males except 8. H. and Z. K. Two distinctly anomalous trichromats were included. No 
preliminary test of the accommodation reaction was made in the case of the dichromats. They were 
all under 30 years of age with good visual acuity, but in some cases it was necessary to correct 
their refractive errors. ' 

The colour vision of the dichromate was classified by means of the Ishihara pseudo-isoch ti 
charts and the diagnosis verified with the 1° diameter bipartite field of green + red mixture and 
sodium light previously described. In these cases either red or green alone, or when mixed together, 
could be made to match the sodium light by suitably adjusting the luminances. Marked insensi- 
tivity to red light distinguished the protanopes. Of the fifteen dichromatic cases, all males, ten 
were deuteranopes and five protanopes. In the teste of the accommodation reactions of all the 
dichromatic subjects, the green +red match for sodium of the normal trichromat was used, but 
the luminance of the sodium light was adjusted for each subject to effect equality with the mixture. 

Three cone monochromats, two males and one female, were also available for these experiments, 
and fortunately all were found to be suitable in respect of age and visual acuity. For precise 
information regarding the characteristics of the vision of these subjects reference must be made 
to the work of Weale (1953). For the present purpose, sufficient evidence of their h ti 
is given by their acceptance of a match of one spectral hue with any other, of whatever wave- 
length. Their cone vision was proved by the possession of normal visual acuity and the absence 
of nystagmus and photophobia. In the tests on these subjects the green +red match to sodium 
light of the normal trichromat was used, the luminances were equated for each subject. 


Procedure 


The subject’s head was held in the head rest of the optometer, and he was directed to view the 
distant object as seen reflected in the mirror M (Fig. 1). The observer then set the optometer to 
the refraction of the eye by operating the mechanism of the instrument to bring the two parts of 
the line image into coincidence. Any changes in refraction caused by accommodation could then 
be seen as a break in the coincidence of the two parts of the line. A negative lens of 1 D was then 
rapidly interposed into the line of sight of the subject at the position L, and the reaction of the 
accommodation was observed. The lens was then rapidly removed, and the recovery to the original 
shown by the parte of the line regsining coincidence was watched: 

case an initial test was made with an object subtending an of 1° at the and 
mats, it was found that the accommodation always responded to the negative lens with the 
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green + red light, but in some cases not with the sodium light. These cases were eliminated from 
the experiment as being unsuitable because their reflex mechanism did not respond to the 
achromatic stimulus. Some of the dichromats showed no response to the negative lens with the 
Object as large as 1° when it was illuminated with either green + red or sodium light. These were 
recorded as showing no reaction. 

After this, the diameter of the object was reduced by means of the iris diaphragm until 
the eye failed to accommodate when the negative lens was interposed. The subject was then 
conscious that the object appeared blurred. The minimum size of object was found for which 
anormal reaction occurred, i.e. accommodation when the lens was interposed and relaxation when 
it was removed, first with the object illuminated with the green + red mixture and then with 
sodium light. Later, the same test was made on some subjects using illumination by the blue + 
green mixture. 

To test the accommodative reaction to changes in the colour of the light, which because of the 
chromatic aberration of the eye will be accompanied by differences of focus at the retina, the 
apparatus was modified as follows. The negative lens L was removed from the cell which held it 
and by which it could be rapidly swung into, or removed from, the line of sight of the subject. It 
was replaced by a double-filter holder with a blue and a red filter mounted side by side so that the 
same simple mechanism which had been used to swing the lens into position now caused either 
the blue or red filter to be brought into the subject’s line of sight. The object consisted of the full 
1° diameter of the lens A.L. (Fig. 2) illuminated with a tungsten lamp. Upon the lens were placed 
s number of circular black spots of about 4’ diameter to serve as detail for the eye to focus upon. 
The blue filter was then brought into position so that the object appeared blue to the subject. 
As the eye was myopic to blue light a -—0-5 D lens was placed upon the line of sight close to the 
filter and gave clear vision of the object. The experiment consisted in rapidly exchanging the blue 
filter with the red one and watching for any change in the refractive power of the eye with the 
optometer. The filters used were Ilford no. 666, bright spectrum blue, transmitting the short 
wave-length up to 535 my, and Ilford no. 205, tricolour red, transmitting from 640 my to the 
infra-red. 

RESULTS 


By making the test of the response to the negative lens with an object of 
about 15’ diameter it was possible to judge the rate and precision of the 
reactions of both accommodation and relaxation normal for the individual. 
_ The size of the object was then reduced by a few seconds of arc, and again 
_ the reactions were noted when the negative lens was interposed and removed. 
It was found in most cases that, as the size of object approached that for 
which no reaction of accommodation occurred, the rate and amplitude of the 
response decreased, and the accommodation did not relax when the lens was 
removed. A typical end-point for the reaction was as follows: 


Object size Accommodation Relaxation 
6’ Normal Normal 
5 Slow Nil 
4’ Nil Nil 


The values recorded in the tables were the minimum size for which the 
_ feactions were normal. The tests were repeated on some of the subjects at 
later dates, and it was found, without exception, that the results were sub- 
stantially the same. The value for the minimum effective size could be altered 
by altering the brightness of the object, but the recorded results were all 
_ obtained with approximately constant luminance of 4-5 ft.L. 
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The minimum effective angular size of test object for a number of subjects 
with trichromatic vision is given in Table 1. In every case the figure for the 
mixture of monochromatic lights is lower than that for sodium, indicating the 
operation of both the chromatic and achromatic stimuli to accommodation. 

Two of the subjects submitted for test as dichromats were found to have 
trichromatic vision. C. J. B. was deuteranomalous. When shown the normal 
matching field of green+red and sodium light, he described the mixture as 
red and the sodium as green. J. D. D. was protanomalous. He required much 
more than the normal proportion of red in the green+red mixture to make 


1. Trichromats 
Minimum effective angular size of object (minutes of arc) 


Subject Green + red Blue + green Sodium 
R. F. D. 4 — 6 

parc 2 oOo” 
B. G. 2 — 5 
*C. J. B. ll 
tJ. D. D. 10 — 13 
K. J. A. 3 — 6 
R. D. G. 4 one K 
J; 30. 3 5 
D, E. M. 3 _ 5 
R. D. M. 3 3 
B. H. W. 2 5 6 
H. A. 8t J. 2 og 6 
A. C. B, 4 
8. H. 4 
H. B. 2 3 5 
N. G-H, 3 3 4 
Z. K. 4 4 6 
J.C. 8. 2 2 5 
P. W. J. 3 6 6 
J.D. H. 3 3 5 

* Deuteranomalous. + Protanomalous. 


a match with the sodium light. In these two trichromatic cases only, the 
proportions of red to green found by the author to match the sodium light 
were used for the test, as it was considered that the proportions adopted by 
the subjects would not contain sufficient of each of the colours to show the 
effect of chromatic aberration for the purposes of the experiment. 

Table 2 gives the minimum effective angular size for a number of subjects 
with dichromatic vision. The similarity of values when either a mixture 
of monochromatic lights or sodium is used indicates that only the achromatic 
stimulus is operative in these cases. : 

From Table 3, however, which gives results for three subjects with mono- 
chromatic vision, it seems that the accommodation reflex is behaving in a way 
similar to that in normal subjects. . 

In all the monochromatic cases the eye accommodated when the colour of 
the object was changed from blue to red and returned to its normal power 
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when the light from the object was again made blue. The change in the 
refraction of the eye was measured with the optometer. In subject T.E. A. B. 
it changed from 0 with the blue object to —0-6 D with the red object; in the 
other subjects the corresponding readings on the optometer were 0 and 
~0-7 D. It should be mentioned here that this instrument is scaled to read 
the power of the lens required to correct the eye, so that the negative sign 
shows that the dioptric power of the eye has increased. 


2. Dichromate 
Minimum effective angular size of object 


(minutes of arc) 
Subject Type of defect Green + red Sodium 
B. D. Deuteranope No reaction No reaction 
W. R. B. Protanope No reaction No reaction 
C. J. D. Deu No reaction No reaction 
D. L. 8. Deuteranope No reaction No reaction 
G. L. W. Protanope No reaction No reaction 
B. M. Protanope No reaction No reaction 
E. M. O. teranope No reaction No reaction 
H. L. Deuteranope 6 6 
G. R. M. Deuteranope 4 4 
D. H. 8. 3 3 
E. H. Protanope 5 5 
G. K. C. Protanope 10 10 
D. G. H. Deuteranope 5 5 
D. E. C. Deuteranope 5 5 
D. E. J. Deuteranope 2 2 
TaBLE 3. Cone monochromats 
Minimum effective angular size of object (minutes of arc) 
Subject Green + red Blue + green Sodium 
J. G.(F) 4 4. 6 
T. E. A. B. (M) 4 6 6 
A. R. J. (M) 2 3 4 


DISCUSSION 
Regarding the actual results, there is little more to say in respect of the 
trichromats. The tests were made upon them mainly as a control in order to 
establish that the reflex mechanism does react to a smaller object when both 
the chromatic and achromatic stimuli operate than when the achromatic 
stimulus only is used. There are, however, two points of interest in this series 
of results. In general, the reflex mechanism does not react so well to a mixture 
of blue and green light as to one of green and red of the same luminance. The 
effect of chromatic aberration upon the retinal image will be present with the 
blue + green illumination; in fact, the difference in focus is greater in this 
region of the spectrum. The reason for the difference in the reaction is thought 
to be the relative insensitivity of the central fovea to blue light (Kénig, 1894). 
The other point of interest was the behaviour of the two anomalous trichromats 
‘(€.J5.B. and J.D. D., Table 1). Although the sensation they derived from 
PH. OXXI. 37 
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the mixture of green and red light was quite abnormal, showing that one of 
them had a low sensitivity to red and the other to green, their accommodation 
reflex mechanism used the effects of chromatic aberration in the retina as 
efficiently as that of normal subjects. The indication here is that the abnormality 
is in a part of the visual pathway above the point at which the afferent 
impulses to the reflex mechanism leave those to the visual cortex and so the 
reflex is unaffected. 

The results obtained with the dichromats are quite different. In the eight 
cases which accommodated when the divergence of the light from the object 
was increased, the minimum effective size of the object was equal for the 
green+red mixture and monochromatic yellow illumination. The reflex 
mechanism in these subjects appears to make no use of the colour fringes in 
the retinal image caused by chromatic aberration, as a stimulus controlling 
accommodation; only the achromatic stimulus is effective. Most of the 
dichromats were tested also with the object illuminated with white (tungsten) 
light and with the blue+ green mixture. In each case the minimum effective 
size of object was the same as with the sodium light. In the previous study of 
the reactions of a large number of trichromatic subjects (Fincham, 1951) it 
was found that about 50% showed no reaction when the object was illuminated 
with monochromatic light, i.e. their reflex mechanism responded to the 
chromatic stimulus only. Subjects with this characteristic were not included 
in the group of trichromats used in the present experiments. Among the 
dichromats, however, it was found that seven out of fifteen showed no 
accommodative reaction to changes in the divergence of the light from the 
object. The explanation is that these subjects, like those just mentioned among 
trichromats, have not developed the mechanism which reacts to the achromatic 
stimulus, the only type of stimulus of this reflex which is effective in dichro- 
matic vision. 

We must conclude from the results of this test that in dichromats the retina 
does not send differential colour impulses to the reflex centres of the mid-brain 
as does the trichromatic retina. It appears, therefore, that the defect in these 
subjects is retinal or at least in that part of the neural chain which is common 
to the path to the superior colliculus and the lateral geniculate body. The 
subjects which were tested were protanopes and deuteranope’s and, while it 
is understandable that in such cases the aberration fringes of a green + red 
retinal image may not be detected, the lack of preferential response to a white 
or blue+ green object is not accounted for by the absence of green+red 
differentiation. A possible explanation is that the response to the chromatic 
stimulus to the reflex has not been developed because the range of wave- 
lengths within which the dichromatic visual mechanism could use the aberra- 
tion fringes to control accommodation reflex is so restricted. A more probable 
cause, however, is the absence of colour sensitivity of the central fovea of 
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‘ the cone monochromats behaved like subjects with normal colour vision in 


_ ¢onvergent on striking the retina. The results are interesting when compared 


_ dation to this change in most normal subjects could be that, because of the 


_ differences of focus of the light at the retina, whether caused by differential 
_ focusing for colour or not. 


_ Monochromatic subject, A. R. J., may be mentioned. This subject claimed to 
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red-green-blind. subjects. The stimulus to the accommodation reflex arises 
from a very small central area of the retina; earlier experiments showed this 
to be less than 6’ radius from the point of fixation. It has been shown by 
Willmer (1949) that the central fovea of the red-green-blind subject is mono- 
chromatic, which will account for the complete absence of chromatic stimuli 
to accommodation in these cases. 

A remarkable feature of the present results is that unlike the dichromats, 


that the minimal size of stimulus was less when it was heterochromatic 
than when it was monochromatic. This is at first a most surprising fact 
when it is considered that these subjects have no perception of colour. 
Provided the image is out of focus their reflex mechanism can detect the 
difference between a green+red mixture and a sodium light which give the 
game sensation to normal trichromatic vision. Unlike the dichromats, the 
monochromats retinae react to, and signal to the mid-brain, the difference 
between green and red light as it appears in the narrow fringes caused by 
chromatic aberration when the green + red image is slightly out of focus. The 
defect which causes the vision of these subjects to be achromatic must there- 
fore be situated, not in the receptor layer of the retina, but in those parts of 
the visual pathway above the point at which the impulses to the reflex centres 
in the mid-brain leave those concerned with sensation. fa seems probable, 
therefore, that the defect is in the cortex. 

The recorded reaction of the accommodation reflex in the monochromats 
to changes in the focus of the retinal image produced by changing the colour 
of the object from blue to red of course gives no information regarding the 
subject’s colour mechanism. The reflex reacted because the red light was 


with the behaviour of most normal subjects, in which the change from blue 
to red light produces an out-of-focus image, and the accommodation reflex is 
not stimulated to correct it. The explanation of the non-reaction of accommo- 


chromatic aberration of the eye, differences of definition of the retinal image 
are the normal accompaniment of differences of colour. This suggests the 
éxistence of a compensating mechanism by which the change of colour signals 
received by the cortex are correlated with the impulses to the mid-brain, 
Which without this compensation would initiate the reflex reaction of the 
ciliary muscle. Because in the monochromat there is no sensation of colour, 
such a compensating system cannot exist and the accommodation reacts to 


In support of this an interesting phenomenon found to occur with the 


37—2 


> 


580 E. F. FINCHAM 


be able to detect the colour red under certain conditions, and during the 
experiment he was asked if he could name the colours of the filters that were 
being used. Without hesitation he named the red filter correctly every time 
it was presented, but could only say that the blue filter was not red. This 
suggests that the accommodation centre in the mid-brain can signal its 
reactions to the cortex in some way. 

The causes of abnormal colour vision are unknown, but the experiments 
which have been described appear to throw some light upon the site of the 
defects in the neural system. They show that the various types of defect are 
distinct in their origin and may arise from different causes. They are not 
merely varying degrees of the same abnormality. 

SUMMARY 


1. The accommodation reflex to changes in the divergence of the light from 
the object is stimulated by alterations in the coloured fringes of the retinal 
image due to chromatic aberration of the eye. | 

2, The reflex mechanism also reacts to another form of stimulus which does 
not. depend upon colour sensitivity. By illuminating the object alternatively 
with monochromatic light and a heterochromatic mixture which matches it, 
the relative effectiveness of the chromatic and achromatic stimuli can be tested. 

3. This test has been applied to normal trichromats, dichromats and cone 
monochromats, and has shown that in red-green-blind subjects the accommoda- 
tion reflex mechanism is not stimulated by the effects of chromatic aberration. 
In cone monochromats the chromatic stimulus operates in the same way as 
in normal trichromats. 

4, These results are evidence that red-green blindness is retinal in origin 
because, in addition to the defect in sensation, the reflex centre is not inner- 
vated by impulses arising from red-green differentiation. In the cone mono- 
chromats which were tested, impulses derived from colour difference were sent 
to the reflex centre in the mid-brain. The site of the colour defect in the mono- 
chromats was therefore above the zone at which the paths to the mid-brain 
concerned with reflexes leave the visual paths to the cortex. 

The author wishes to express his indebtedness to Mr R. A. Wesle for introducing to him the 
very rare monochromatic subjects and also for many helpful discussions, Thanks are also due to 
all those who acted as subjects and particularly to the monochromats, Mrs J. Grant, Mr A. R. 


Jackson and Mr T. E. A. Barclay, each of whom travelled considerable distances on several 
occasions to give their services. 
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CARDIOVASCULAR RESPONSES TO BLADDER 
DISTENSION IN PARAPLEGIC PATIENTS 


By D. J. C. CUNNINGHAM, L. GUTTMANN, D. WHITTERIDGE 
anp C. H. WYNDHAM 


From Unwersity Laboratory of Physiology, Oxford, Spinal Injuries Centre, 
Stoke Mandeville Hospital, Ministry of Pensions, Physiology Department, 
Edinburgh University and the M.R.C. Climatic Unit, Oxford 


(Recewed 16 February 1953) 


Guttmann & Whitteridge (1947) previously reported that, in patients with 
complete transverse lesions of the spinal cord above the mid-thoracic region, 
distension of the bladder produced a large rise of systolic blood pressure. In 
patients with lesions at or below the mid-thoracic region, the systolic blood 
pressure rose 20-30 mm Hg at the most. From observations of skin temperature 
and pulse volume in the toes they concluded that, in all patients whose lesion 
was above segmental level L.2 and whose cord was isolated but undamaged, 
there was a cutaneous vasoconstriction in the legs. In the patients with high 
lesions, this vasoconstriction spread to the hands. They believed that the 
essential difference between the two groups of patients was that the peripheral 
fesistance was increased in the patients with high lesions, but that in the 
patients with low lesions, owing to a compensatory vasodilatation in the upper 
half of the body, the peripheral resistance was little altered. 

Their experimental findings in paraplegic patients have been confirmed by 
Thompson & Witham (1948), Robertson & Wolff (1950) and by Pollock, Boshes, 
Char, Finkelman, Arieff & Brown (1951). Recently, Adams-Ray & Norlen 
(1951) have provided evidence of constriction of the vessels of the skin induced 
by bladder contraction in some normal subjects, as has More (unpublished 
observations). The work of Milwidsky & de Vries (1948), Pugh & Wyndham 
(1950) and of Brigden, Howarth & Sharpey-Schafer (1950) emphasized the 
necessity of a knowledge of cardiac output and muscle blood flow in order to 
interpret the vascular disturbances in the allied condition of spinal anaesthesia. 
The relative importance of changes in heart output and peripheral vasocon- 
‘striction was also discussed by Neumann, Foster & Rovenstine (1945), in the - 
light of measurements of blood flow in the skin only. i 

Further information therefore seemed to be desirable on cardiac output, 
muscle blood flow and — blood flow. We have now measured the first 
two factors. 
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MATERIAL AND EXPERIMENTAL METHODS 


We have studied in some detail five pationta with spinsl transection. Two had high lesions, one 
below C7 and the second below T 1. The third patient had an oblique lesion with sensory loss at 
T 10 on the right and T6 on the left. The fourth patient had a lesion at T'6 on the left and T7 
on the right, and the fifth s transverse lesion at T7. In all cases the lesion is described in terms of 
the lowest segmental level at which sensation was still present. 

In all patients the lesions were complete clinically with loss of power and sensation, and loss of 
vascular response below the level of the lesions to thermal and painful stimuli applied to the head 
or face. The existence of a complete transection of the cord was verified at operation in subject (5) 
with a lesion at T7. Records from subject (2) have been published previously (Gilliatt, Guttmann 
& Whitteridge, 1947). At operation the cord was found to be ‘not completely severed’, but the 
transverse spinal syndrome remained clinically complete. 

In all these patients the occurrence of deep reflexes, flexor withdrawal, detrusor contractions of 
the bladder and vascular changes in the lower half of the body were taken as evidence that the 
isolated cord was capable of independent reflex activity. Two more patients had to be excluded 
from this series since their absent or sluggish withdrawal reflexes, absent detrusor contractions 
and absence of skin temperature changes below the level of the lesion suggested that there was 
# considerable degree of damage to the isolated segment of the cord. 

In the investigation on patients (1), (2) and (3), two series of observations were made on each 
patient. This was necessary as peripheral venous pressure, blood flow in the forearm and finger, 
and blood pressure could not all be measured simultaneously. 

_ The methods used for studying bladder pressure and volume, blood flow in the finger and pulse 
volume in the toe were described by Guttmann & Whitteridge (1947). The rate of increase in 
volume in forearm and calf during venous occlusion was measured by means of 

of the type described by Grant & Pearson (1938). Both were filled with water at 34° C, with air 
transmission to a float volume recorder, calibrated by air displacement from a 10 ml. syringe. 

Cardiac output (c.o.) was determined by Grollman’s acetylene rebreathing method (Douglas & 
Priestley, 1948). The rebreathing bag was filled with a volume just short of the patient’s vital 
capacity, consisting of a mixture of 30% acetylene in air. With training, rebreathing was satis- 
factory both in time taken and in amount of emptying of the bag. In the two patients with high 
lesions, vital capacity was of the order of 1-5 1., due partly to intercostal paralysis and partly to 
measurement in the recumbent position. It is therefore doubtful whether mixing of the gases in 
the lung-bag system was complete, Errors from this source were probably not excessive since the 
rate of uptake of both oxygen and acetylene would be affected in a similar manner, and the 
calculation of the cardiac output is based on the ratio between these rates. We therefore consider 
that any major change in cardiac output would become apparent even if the absolute values 
obtained are open to doubt. Oxygen consumption was determined by the Douglas bag method, 
the samples being collected over at least 5min. Respiratory gas samples were analysed in 
_ Venous pressure was measured by means of a saline manometer connected to a wide bore 
transfusion needle inserted into the antecubital vein. The patients lay flat with the foot of the beg 
tilted up by 1 ft. blocks and the arm abducted at the shoulder. They were allowed to reach a steady 
state in the new posture before venous pressures were recorded. The measurements were made in 
_ relation to the sternal angle. 

Blood pressure (8.P) was measured by the auscultatory method with a 4 in. cuff. With each 
patient we made observations on pulse rate, 8.P. and peripheral blood flow during a control period 
in the warm room. The first.measurements of heat output were made after }-1 hr. Further 
measurements were made when the blood pressure became steady during bladder distension, and 
finally when the B.P. became steady at about its original level. In patients (4) and (5) only 
measurements of forearm and calf blood flow and skin temperature were made. 
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RESULTS 

Heart output. The results of measurement of heart output by the acetylene 
method are given in Table 1. In the second set of observations on patient (3) 
the initial high value for cardiac output was probably due to overbreathing 
when he was unfamiliar with the respiratory valves and apparatus. The rR.Q. 
was correspondingly high. In patient (1) there was on each occasion a small 
increase in cardiac output, but in patient (2), who also had a high lesion, there 
was a small decrease. We do not consider any of these changes significant, 
since with low vital capacities even mixing almost certainly did not take place. 


Taste 1. Changes in blood pressure, heart rate, cardiac output and venous pressure A before, B during 


and C after bladder distension 
B.P. v.P. 
Patient and lesion Expt. Procedure (mm Hg) (beate/min) (min (om H,O) 
Patient (3). Lesion T 10 on right, 1 A 135/75 76, 78 — 
T6 on B 145/80 76 — ne 
140/80 74, 76 
A 140/90 6-3 +lto +24 
B 152/100 60 45 +3to +4 
| Cc 145/84 80 47 
Patient (1). Lesion C7 1 A 120/80 60 3-3 0 
B 180/110 52 5-5 +7 
110/60 76 
2 A 116/80 4 
B 186/114 52 47 os 
Cc 122/ 76 
Patient (2). Lesion T1 l A 105/60 84 — — 
B 180/100 68-70 4-0 — 
C 140/75 86 4:3 
2 A 100/70 +1 
B 200/130 52 +14 
Cc 134/80 72 41 — 


_ Figures for total peripheral resistance are therefore misleading and have been 
omitted. In patients (1) and (2) the work of the left ventricle was considerably 
increased. 

Blood pressure. The 8.P. changes in these patients agreed entirely with the 
previous findings. The blood pressure rose sharply in the patients with lesions 
above T6 (Figs. 2, 3), but rose much less or not at all in patients with lower 
lesions (Figs. 1, 4 and 5). 

_ Muscle blood flow. The observations on the patients (4) and (5) with approxi- 

- mately transverse lesions below T6 are illuminating. When records were taken 
at the height of a detrusor contraction of the bladder there was a rise in blood 
flow in the forearm, and a fall in that in the calf (Figs. 4, 5). 

In patient (4) the blood flow through both forearm and calf was found to 

fluctuate widely while the bladder was distended; the greater changes 

_ coincided exactly with the peaks of the detrusor contraction, with a rapid 

_ Teturn towards normal as soon as the detrusor action was over. If observations 
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Fig. 1. Bladder distension in patient (1). Lesion below C7. From above downwards, blood 
pressure systolic and diastolic, pulse rate, venous pressure, bladder pressure, bladder volume. 
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Fig. 2. Bladder distension in patient (2). Lesion below Tl, From above downwards, blood 
pressure systolic and diastolic, pulse rate, venous pressure, bladder pressure, bladder volume. 
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were not made at the height of the detrusor action the changes were small, e.g. 
Fig. 4 at 56 min. 

In patient (5), however, in whom fluctuations in bladder pressure were less 
violent, there was a maintained fall in calf flow and a maintained rise in 
forearm flow throughout a period of distension (Fig. 5). In patient (3), in 
whom the transection was at T10 on the right and T6 on the left side, there 
was a fall in calf flow in the left leg with a rise in flow in the right. The left leg 
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Fig. 3. Bladder distension in patient (3). Lesion below T 10 on the right, T6 on the left. From 
above downwards, blood pressure systolic and diastolic, pulse rate, venous pressure, bladder 
pressure, bladder volume. 


was presumably supplied entirely by sympathetic fibres arising from the cord 
below the level of the lesion and behaved in the same way as the legs of 
patients (4) and (5). Although the vascular bed supplied by sympathetic fibres 
from the isolated part of the cord was small in this patient, the few measure- 
ments we made indicated that the blood flow in the forearm was more than 
doubled during bladder distension. There was also a rise in his finger blood 
flow from 1 to 11 ml./min. 

In two patients with high lesions (patients (1) and (2)) the blood flow through 
the calf was reduced during bladder distension. This is shown in Table 2. 
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There was, however, a very large increase in forearm blood flow in patient (2) 
(Table 2) on each occasion. A smaller rise occurred in patient (1), whose 
forearm was severely wasted owing to his lesion at C7. These increases in 
forearm blood flow were unexpected, but after making these observations we 
noted in confirmation that, although the skin of the fingers was cold, the skin 
over the forearm muscles was hot. In patient (1) the increase in blood flow 
was at least 400%, although the mean increase in B.P. was only 70%. These 
patients also showed marked vasodilatation of the skin of the neck similar to 
that reported earlier (Guttmann & Whitteridge, 1947). | 
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Fig. 4. Bladder distension in patient (4). Lesion below T6 on left, T7 on right. From above 
downwards, at the beginning of observations, blood pressure systolic and diastolic, pulse 
rate, blood flow in calf, O——-CO, blood flow in forearm, @———@, bladder pressure, bladder 
volume, skin temperatures from forehead, left hallux (LT 1) and right thumb (RF 1). 


Skin blood flow. In general, the skin blood flow changes, when measured, 
were similar to those previously reported. In patient (2), however, there was 
a sharp initial rise in blood flow from 4 to 7 ml./100 ml. finger/min. This was 
converted to a constriction after about 15 min. Re-examination of previous 
records shows that in three observations out of twelve there was a brief initial 
increase in bloog flow in the finger at a time when the pulse volume in the toe 
was falling. This was well seen in patients in whom the bladder was filled at 
rates of about 20 ml./min. 
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Fig. 5. Bladder distension in patient (5). Lesion below T7. From above downwards at the 
beginning of observations, blood pressure systolic and diastolic, pulse rate, blood flow in 
calf, O-——O, blood fiow in forearm @——@, bladder pressure, bladder volume, skin 
temperatures from left hallux (LT 1), right forefinger (RF 2), room temperature. 


| Tasty 2, Changes in blood flow 
The figures for blood flow in muscle are expressed in ml./100 ml. tissue/min and represent 
maximum changes. The figures for finger flow are expressed in arbitrary unite. A before, B during 


bladder distension. 
Mean B.r, Finger Arm Calf flow Calf flow 
Expt. (mm Hg) flow flow 


left right 
Patient (3). Lesion at T 10 i A 105 1* 3:7 pea 3-6 
on right, T6 on left 2 B 113 11* 9-4 ~~ 5-4 
2 A 116 5-4 
B 124 ~ 1-24 
Patient (2). Lesion at T1 1 A 83 0-26 6-1 ss 45 
2 B 140 zero 28-3 18 
2 A 85 5-7 
2 B 165 29-1 
Patient (1). Lesion at C7 1 A 100 2-2 aa 21 
B 145 4-75 0-36 
Patient (4). Lesion at T6 1 A 90 0-58 27 
B 107 2-05 15 
Patient (5). 1 A 108 2-60* 


é 60 L 
| | 
¥ 
RF2 | 
Room temp. ; 
Minutes 
* Flow expressed in arbitrary units. { 
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As the apparatus was unsuitable for measurements of skin flow, as opposed 
to pulse volume in the toes, we measured skin temperatures in the face, hands 
and feet on patients (4) and (5) (Figs. 4, 5). There was a sharp drop in the 
temperature of the toes in each case, but rectal and face temperatures rose. 
These findings agree with those of Guttmann & Whitteridge (1947). 

The situation was a little confused by a tendency for the calf volume curves 
to flatten out very early during the collection period. As this did not happen 
before the bladder constriction, we suspect that this was due to the onset of 
venous constriction, for which there is other evidence. 

Venous pressure. For a number of reasons we had to be content with 
measurements of peripheral venous pressure in these patients. Table 1 and 
Figs. 1-3 show the venous pressure changes, which are much more striking in 
the patients with high lesions. An increase in filling of the veins of the neck 
was observed in these and in the previous experiments. 


DISCUSSION 


A decreased blood flow in the toes can reasonably be inferred from the present 
and previous observations on skin temperature, and from observations on 
pulse volume in the toes. The present work suggests that in all patients there 
is also a decrease in flow in the calf when its sympathetic innervation is derived 
from the isolated cord. Adams-Ray & Norlen (1951) have shown that in some 
normal human beings there is a decreased skin blood flow below the umbilicus 
when the bladder is distended, and they believe that this reflex constriction is 
normally limited to the segments which give rise to the sympathetic bladder 
innervation. More (unpublished observations) has catheterized two normal 
subjects, and has found that when the pressure in the bladder rises above 
50 mm Hg, wide-spread vasoconstriction of the skin occurs. Large volumes of 
fluid in the bladder may produce no cutaneous constriction, if the bladder 
pressure remains low. The function of the reflex is not obvious, but it may form 
part of a Lovén reflex by which the flow to the distended viscus might be 
increased. Measurements of blood flow in the wall of the distended viscus 
before and after denervation would seem to be highly desirable. We have 
already shown that the rise in blood pressure is more closely related to the 
pressure in the bladder, than to its volume (cf. Watkins, 1938). A pressure of 
50-70 mm Hg might seriously interfere with the blood flow to the bladder wall 
and mucosa. Recently, Mohamed & Bean (1951) have drawn attention to the 
decrease in blood flow which occurs in a loop of intestine during tonic 
contraction. 

As regards patients with lesions below T6, it is clear that increased blood 
flow in the fingers and in the forearm while the B.P. rises only slightly, can be 
regarded as compensatory vasodilatation initiated by the carotid sinus 
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(of: Neuman et al. 1945). The same explanation would account for the fall in 
pulse rate. The large changes in forearm flow also suggest that muscle blood 
flow is affected by blood-pressure regulating mechanisms in these patients, 
perhaps to a greater extent than it is in normal subjects (cf. McDowall, 1950). 

In the patients with high lesions we suggest that the sequence of events is 
as follows. The distension of the bladder initiates vasoconstriction of the 
yessels of the skin of the legs and of the muscles. This leads to an increase in 


~ both systolic and diastolic B.P., particularly the latter. The reflex constriction 


spreads to all the sympathetic outflow of the isolated cord. If this spread is 
slow, there is.at first a passive increase in flow in the fingers. If it is fast, the 
constriction in the fingers reduces the blood flow in spite of an increase in blood 
pressure. Subsequently, the finger blood flow remains very low or absent as 
long as the bladder is distended. 

At the height of the rise in bladder pressure and therefore in blood pressure, 
there are further changes in the upper part of the body. The patchy vasodilata- 
tion in the neck and face has been described previously. One of us (L. G.) has 
observed similar patchy vasodilatation in the skin of the face and neck in 
patients in whom posterior cervical nerve roots were stimulated in the course 
of operations. The vasodilatation in paraplegics may be due to an axon cohen, 
but if so the afferent limb remains obscure. 

The very great rise in forearm blood flow in patients with lesions above the 
level of the whole sympathetic outflow remains puzzling. If it is passive, due 
to the raised blood pressure, it is not clear why there should be a decrease and 
not an increase in blood flow in the legs. The observations of Pickering & Hess 
(1932) that there is greater sympathetic tone in the legs are not really relevant 
here, since they describe the situation when the vasomotor centre is able to 
modify the whole sympathetic outflow. It is worth stressing that this remark- 
able increase in muscle blood flow is only seen in areas in which the somatic 
sensory nerve supply is intact, and occurs in spite of the fact that the auto- 
nomic supply arisés from the isolated cord. 

The change in venous pressure is interesting. For various reasons we 
measured the venous pressure at the elbow and did not try to use a cardiac 
catheter. Although local increases in venous pressure may at times occur in 
veins of the arm with an increase in arm muscle flow, the increase in the pressure 
in the veins of the neck provides strong evidence that our observed rises of 
venous pressure of 14 cm and of 7 cm reflect increases in the central venous 
pressure, 

Of the possible causes, we may consider back pressure effects transmitted 
across the lungs from the left heart and similar effects due to increased 
coronary flow, a direct effect of the decreased heart rate, and an effect on the 
venomotor system. 

During the increase of venous pressure from 0 to 14 cm H,0, the systolic 
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blood pressure rose only from 100 to 140 mm Hg and the heart rate remained 
steady (Fig. 2). At this stage back pressure effects seem somewhat unlikely. 
When the blood pressure reached 200 mm Hg the work of the left ventricle 
was increased by 25%, and at the same stage in this patient Guttmann & 
Jones (unpublished observations) have observed radiographically an increase 
in the diastolic volume estimated at 4—5 times the increase in stroke volume. 
At this stage back pressure effects may well play an important part. 

In view of the work of Patterson & Starling (1914) on the denervated heart, 
a decrease in heart rate might be expected to cause a rise in venous pressure. 
In our experiments, however, the heart rate fell slightly at the first sign of 
a rise in blood pressure and remained steady during the greater part of the 
rise in venous pressure. 

The possibility remains that there is a powerful active vasoconstriction of 
the veins, produced by centres in the isolated cord and activated by visceral 
distension. Donegan (1921) produced evidence for such venous constriction in 
animals, and Doupe, Krynauw & Snodgrass (1938) have evidence of an active 
constriction in man, in response to brisk cooling of the whole body. 

These results make it clear that the changes in heart output are not 
responsible for the blood pressure changes, but that changes in peripheral 
vascular resistance play a very important part. It is also clear that our 
observations on muscle blood flow throw no light on the differences between 
patients with lesions above and below T6. All patients studied have shown 
a decrease in blood flow in the calf during bladder distension when the leg was 
supplied entirely by fibres from the isolated cord. In all patients there has been 
an increase in blood flow in the forearm, though probably for different reasons 
in the two groups. In the patients with low lesions this increase is most 
probably due to a depressor reflex initiated by pressure receptors and mediated 
by autonomic fibres. Whatever may be the cause of the increased forearm 
flow in patients with high lesions, it cannot be due to this mechanism. 

The only difference which we have so far demonstrated between the two 
classes of patients is that those with low lesions show an increase in finger 
blood flow, those with high lesions show a decrease. The total blood flow to 
both hands when warm and at rest is about 200 ml./min (Greenfield, Shepherd 
& Whelan, 1951) and this is of course only a small fraction of the cardiac 
output. This difference in finger blood flow cannot therefore be responsible 
for the differences in blood pressure. We have of course been able to measure 
blood flow neither in the skin and muscles of the trunk nor in the splanchnic 
region. It is, however, worth remembering that the sympathetic supply to 
the hand is from segments T3-T9 and that the splanchnic fibres leave the 
cord from T5-T11. It is therefore possible that though constriction in the 
finger 18 not quantitatively important, it gives an indication of vasoconstriction 
in the splanchnic area due to fibres which arise from the same spinal segments. 
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This splanchnic vasoconstriction could be responsible for the rise in peripheral 
resistance and the resulting rise in blood pressure. This explanation would be 
in close agreement with that put forward by Neumann ¢ al. (1945), who 
observed a dilatation of the vessels of the toes in all patients during spinal 
anaesthesia but observed vasoconstriction in the fingers in all patients in whom 
the blood pressure was maintained. 

This work has consisted of detailed study of a very small number of patients. 
However, the two patients with high lesions (1) and (2) and the two patients 
with transverse low lesions (4) and (5) have behaved in all respects studied in 
the same way as the larger series of patients described by Guttmann & 
Whitteridge (1947). The behaviour of patient (3) who had an oblique lesion 
agrees with that of patients (4) and (5) as far as the territory supplied by fibres 
from the isolated cord is concerned. As differences between patients with 
transections at the same spinal level seem to be small, we think that these 
results may be generally applicable to paraplegics. 


SUMMARY 


- 1. The heart output of three paraplegic patients during distension of the 
bladder has been measured by the acetylene method and found not to change 
significantly. 

2. The blood flow in the forearm and calf has been measured in five patients. 
In three patients with lesions below T 6, the blood flow in muscle supplied with 
sympathetic fibres by the isolated cord showed a considerable decrease, 
whereas the blood flow in muscles supplied by sympathetic fibres controlled 
by the vasomotor centre increased. These changes were in the same direction 
as those previously observed in skin. 

3. In two patients with lesions at T 1 and C7, the blood in the calf decreased. 
The blood flow in the forearm greatly increased, although the flow through the 
skin of the fingers almost stopped. 

4, A steep rise in venous pressure was seen in the patients with lesions at 
T1 and C7. 

5. Possible mechanisms for this increase in flow have been discussed. 


We have to acknowledge with thanks the assistance of Mr I. G. Lennox in some of these 
experiments, as well as a grant from the Medical Research Council for his expenses. 
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THE ARTERY OF THE DENERVATED RABBIT’S EAR 
_AS A SENSITIVE PHARMACOLOGICAL TEST OBJECT 


J. ARMIN anp R. T. GRANT* 
From the Climeal Research Unit, Guy’s Hospital, London 


(Received 3 March 1953) 


The following method has proved useful for studying the local reactions of the 
peripheral vessels and for detecting vaso-active substances in high dilution and 
in small volume. In a sensitive preparation adrenaline, for example,.can be 
detected in a concentration of 10-" and sometimes even 10-" in a volume of 


The method is a modification of that previously described (Grant, 1930) for 
studying the local vascular reactions in the ear of the living anaesthetized 
rabbit. Briefly, it consists in the microscopical observation of the degree and 
duration of the changes in calibre of the central artery of the transilluminated 
ear resulting from the local intra-arterial injection of the solution to be tested. 
The doses injected are too small to have any general effect on the circulation. 
Except for the few seconds occupied by injection, the artery is perfused with 
its normal blood supply. The apparatus described was designed and made in 
the laboratory by Mr J. H. Benson. 


a APPARATUS AND MATERIALS 
Animals and their preparation. Young rabbits with thin ears allow the 
clearest view of the vessels; albinos are better than coloured animals; long ears 
_ &fe more easily handled than short ones. At least a week beforehand, an ear 
is denervated by excising the superior cervical ganglion and a portion of each 
of the posterior and great auricular nerves. The denervated ear is depilated 
with a barium paste about 48 hr before use to allow the vascular effects of 
any burning to subside. The rabbit is anaesthetized by phenobarbitone sodium 
(luminal) injected subcutaneously (1 ml. 10% solution per kg) and an hour 
later pentobarbitone sodium (nembutal, veterinary) intravenously (0-25 mg/kg). 
The animal usually remains quietly asleep for 2-3 hr; if necessary, the dose of 
pentobarbitone is repeated. 
fs * Working on behalf of the Medical Research Council. 
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The rabbit is placed on its side.on an electrically warmed table and covered 
with an electric pad. Rectal temperature, measured by thermo-electric 
junction inserted into the rectum, is controlled (usually to between 38 and 
39° C) by regulating the temperature of the table and pad. 

The denervated ear projects over the side of the table. The hypodermic 
needle through which injections are to be made is inserted through the skin 
into the lumen of the central artery near its tip in a direction contrary to the 
blood stream. The ear is then arranged on the surface of a transparent 
“water-bath. 

The water-bath (Fig. 1) is a rectangular box (12 cm long, 9 cm wide, 1-5 cm 
deep) of perspex sheeting (} in. thick top and sides, } in. thick base). The base 


Fig. 1. The water-bath. For explanation see text. 


projects beyond the rear of the bath for clamping to the table on which the 
rabbit lies. Water circulates through the box, and its temperature is controlled 
to maintain the surface of the box, usually at 30 + 0-5° C (a simple and reliable 
heater and circulator is described in Appendix A). In the centre of the upper 
surface and near the rear of the box, is fixed a block of Perspex 1 cm thick, 
5 cm long, 2 cm high at the rear, and sloping to the surface of the box in front. 
The ear is arranged so that its proximal portion fits over the projecting block 
(the central artery runs along the block), while the distal blade lies flat on the 
surface of the bath. The purpose of the block is to support and prevent 
displacement of the ear when the central artery is pressed by a finger when an 
injection is being made. The top of the box is surrounded by a Perspex rim 
1 cm high to contain a pool of liquid paraffin in which the blade of the ear lies. 
The ear is held in position by two glass rods which project downwards from 
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a separate stand. The glass rods, adjustable in height and distance apart, are 
placed one on each side of the ear. 

Apparatus for injection. A fine hypodermic needle, 25 s.w.g. (A, Fig. 2) 
freed from its butt is connected to nozzle 1 of a three-way tap C by a short 
(25 cm) length of polyethylene tubing B, internal diameter 0-28 mm (no. 10 PE.., 
Clay Adams Co. Inc., New York). Polyethylene is required here because it is 
not affected, as is polythene, by the paraffin on the bath. Nozzle 2 of the tap 
is connected by polythene tubing D (internal diameter 0-6 mm) to a 20 ml. 
motor-driven syringe EZ (see Appendix B), containing 0-9%% NaCl. Nozzle 3 
of the tap is fitted with a short length of the same polythene tubing F. To 
prevent splitting of these plastic tubes when needles are forced into them, the 
ends are reinforced (Armin, Grant, Pels & Reeve, 1952). All joints must be 
free from leaks. 


Fig. 2. Apparatus for injection. For explanation see text. 


The three-way tap, barrel type, is made of brass and is clamped to the rabbit 
table. The nozzles are hypodermic tubing (nozzle 1, 25 s.w.g.; nozzles 2 and 3, 
21 s.w.g.), force fitted into the body. The passages of the tap are 0-7 mm in 
diameter. 
Solutions and their preparation. Since the denervated vessels are extremely 
Tesponsive to minute doses of introduced substances, scrupulous cleanliness of 
all apparatus used for the injection and preparation of solutions is essential. 
Substances to be tested are dissolved in freshly prepared double glass-distilled 
water containing 0-9°% NaCl (A.R.). For solutions of adrenaline and other 
substances to be compared with it, ascorbic acid is added to the NaCl solution 
in a concentration of 10-* (Gaddum, Peart & Vogt, 1949). All solutions are 
freshly prepared from the dry substances shortly before use, and kept in glass- 
stoppered tubes in crushed ice in a Dewar flask. So prepared, solutions of 
adrenaline and acetylcholine retain their activity undiminished over a period 
of at least 4hr. The dose for injection, usually 0-1 ml., is withdrawn into 
38—2 
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a syringe (1 ml. calibrated in 0-01 ml. lubricated with silicone) immediately 
before use. Separate syringes are used for the injection of different substances. 
The concentrations (w/v) of the substances used are expressed in terms of the 
base. 


EXPERIMENTAL PROCEDURE 


The system of tubes is filled with the saline from the motor syringe. The needle 
A is inserted into the artery and the flow of saline started by turning the tap to 
connect nozzles 1 and 2. The flow is adjusted to keep the pulsating column of 
blood in the artery just clear of the needle tip; the flow required is 1-2 ml. /hr. 
The saline entering from the needle escapes from the central artery by side 
branches near the needle. The artery is observed through a binocular micro- 
scope mounted on a movable arm, using low magnification ( x 1-25 diam.) 
and a micrometer in the eye-piece (1 cm divided into 0-1mm). It is of 
advantage to have the transilluminating lamp mounted on the body of the 
microscope so that it may move with it. A blue-green filter renders the edges 
of the column of blood (by which the lumen of the artery is measured) sharper 
than does unfiltered light. A site for observation is chosen where the diameter 
of the column of blood in the artery is clearly measurable, and 1-2 cm proximal 
to the needle tip. To make an injection, an assistant inserts the needle of the 
syringe G containing the dose, into tube F, and turns the tap to connect 
nozzles 1 and 3. As the tap is turned, the observe: obstructs the flow of blood 
in the central artery by digital pressure proximal to the area under observa- 
tion. The artery decreases in diameter. The dose is then injected steadily over 
5-10 sec. The observer sees that the injected fluid washes the blood from the 
portion of the central artery under observation. It is important to avoid 
injecting bubbles of air. When injection is complete, the observer removes his 
finger from the artery and the flow of saline is restarted by turning the tap to 
connect nozzles 1 and 2. Blood at once returns to the artery. The observer 
notes and calls out the subsequent changes in the diameter of the artery; these 
are recorded on a time-base by an assistant. The clearance of blood from the 
artery and other vessels by the injection and the subsequent vascular reactions 
are clearly visible to the naked eye. | 

Not quite all the dose expelled from the syringe is injected into the artery. 
At the end of injection, a volume of 0-01-0-015 ml. remains in the tubing 
between the tip of the needle A and tube F. Almost the whole of this small 
volume is slowly (over half a minute) washed into the distal portion of the 
artery by the restored saline flow and does not reach the portion of the artery 
observed. The negligible part of the dose remaining between the barrel 
of the tap and tube F can be washed out by turning the tap to connect 
nozzles 2 and 3. This is not necessary when successive doses of the same 
solution are given, but is required when the solutions are changed. To avoid 
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possible cumulative effects from traces of active substances remaining in the 
tissues, a period of 3-5 min is allowed to elapse between the end of a reaction 
and the subsequent injection. 

When the needle is properly inserted, there is minimal trauma to the tissues, 
only a small wheal forms round the skin puncture and no blood or saline 
escapes from the artery into the tissues. It is of advantage to insert the needle 
into the artery as distally as possible, or into one of its main branches. This 
allows the same animal to be used on subsequent occasions, the needle being 


_ inserted proximally to the previous site. If a main branch is given off proximally 


to the needle tip, this, too, requires to be blocked with a finger while injections 
are made to ensure that the blood is washed out from the portion of the artery 
observed. The site for observation is chosen sufficiently proximal to the needle 
point to prevent this portion of the artery from being invaded by saline when 
the artery is strongly constricted after an injection. The site, however, must 
not be too distant, otherwise the injected fluid may not completely wash the 
blood out of the arterial lumen. It is important not to let blood enter and 
remain in the needle, because it acquires strong constrictor properties and if 
washed into the observation site may grossly constrict the artery. If blood does 
enter the needle, it is cleared by declutching the syringe # from its motor and 
slowly forcing additional saline into the artery by hand, care being taken that 
the blood does not pass up to the observation site. To ensure reproducible 
results from successive injections, the injections must be made at a steady 
pressure and over the same length of time. Temperature control of the ear is 
important, for this has a marked effect on the arterial reactions (Grant, 1930). 
The reactions last longer and may be enhanced in degree when the ear is 
maintained at 25° C and shortened and reduced at 35° C. So long as the animal 


_ femains quietly asleep, blood pressure remains constant; it falls temporarily 


immediately after an injection of pentobarbitone. Blood pressure can be 
measured in the opposite ear by a capsule (Grant & Rothschild, 1934). 

The central artery usually remains steady in calibre and neither constricted 
nor dilated, its lumen being half to three-quarters that of the normal artery 
when this is fully dilated. The artery returns to its initial diameter after 
constricting or dilating in response to injections. Occasionally, and for reasons 
not fully understood, the artery oscillates slowly in diameter, constricting and 
dilating irregularly in rhythm and degree. These oscillations are apt to develop 
after several hours of repeated injections. They are also apt to develop if 
respiration becomes slow and irregular, as it may after an injection of pento- 
barbitone when the rabbit is insufficiently warm. Attention may be drawn to 
the depressed respiration by the colour of the blood in the artery. During 
apnoea, the blood darkens; it brightens rapidly with inspiration and then more 
slowly darkens again. Raising rectal temperature increases the rate of respira- 
tion, maintains the blood bright in colour and steadies the artery. Persistent 
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oscillations render the preparation unusable because of the unstable base-line 
from which to measure responses to stimuli. 

The arrest of the blood flow and the injection of 0-1 ml. 09% NaCl (with or 
without ascorbic acid) may cause a small reaction. After removing the 
obstructing finger at the end of injection, the artery either returns rapidly to 
its initial diameter, or dilates slightly and transiently; the dilatation may be 
followed by a slight and brief constriction. The reaction to saline is over within 
15 sec of the end of injection. It is advisable to test the effect of saline injected 
by the various syringes to be used since occasionally strong constrictor reactions 
are obtained and indicate some contamination of the saline or syringe. 


RESULTS 

Of the various substances tested, we refer only to acetylcholine, adrenaline and 
histamine and some of their inhibitors and potentiators. Acetylcholine 
regularly causes a dilatation, adrenaline and histamine a constriction. With 
adrenaline, arterial constriction is associated with constriction of the minute 
vessels in the area, with histamine, the minute vessels dilate. Repeated doses 
of histamine are liable to cause the artery to oscillate and to obscure the view 
by oedema formation. 

As Figs. 3-5 exemplify, the responses to successive doses of the same 
concentration of one substance are usually remarkably constant, with but 
little variation of degree and duration. Larger variations occur from time to 
time and, for this reason, when comparing the responses to different concentra- 
tions, we take the mean of three successive responses to each. In this way the 
method is capable of detecting relatively fine differences in concentration; for 
example adrenaline 10-” can be distinguished from 2 x 10-™. 

With injections of 0-1 ml. the minimum concentration required to provoke 
reactions just distinguishable from that of saline alone are usually 10-" for 
adrenaline and 10-* for acetylcholine and histamine, though there is variation 
from animal to animal. Figs. 4 and 5 illustrate the dilator response to acetyl- 
choline 10-*. Fig. 3 shows an exceptionally strong reaction to adrenaline; in 
this instance the response usually obtained from 10-” was provoked by 10-”. 
Similar, though smaller variations occur in the same animal at different times. 
These variations are not related to the time after nerve section. Thus, for 
example, in one rabbit the mean degree and duration of the constrictions to 
adrenaline 10-” were, on the 12th day after nerve section, 6-4 scale divisions 
lasting 2 min 13 sec; on the 56th day, 10-7 lasting 1 min 6 sec; on the 73rd day, 
9-5 lasting 1 min 50 sec. The temporary inhibition of the response to acetyl- 
choline 10~ after an injection of atropine 10~* and its potentiation after eserine 
10-® are also shown in Figs, 4 and 5. Atropine may abolish the response to 
acetylcholine for 5-10 min. Fig. 3 also shows the potentiation of the adrenaline 
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Fig. 3. Responses of central artery to successive injections of 0-1 ml. adrenaline 10-%. Curves 
1-3 at 23, 14 and 8 min respectively before, curves 4-6 at 13, 20 and 34 min after injection of 
0-1 ml. ephedrine 10-*. Ordinate = diameter in scale divisions of column of blood within the 
artery; abscissa «time in minutes. In this and subsequent figures, | scale division =0-1 mm 
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Fig. 4. Responses of central artery to successive injections of 0-1 ml. acetylcholine 10~* before and 
after an injection of 0-1 ml. atropine 10~* at arrow. The vertical lines show the duration in 
minutes of responses. The fractions at the top of these lines show in the numerator the 
diameter of the column of blood in the artery at the height of the response; in the denominator 
the initial diameter of the column of blood. On the abscissa are marked the times in minutes 
of the injections before and after the arrow. 

Fig. 5, Responses of central artery to successive injections of 0-1 ml. acetylcholine 10~* before 
and after an injection of 0-1 ml. eserine 10-* at arrow. Explanation as in Fig. 4. 
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response after an injection of ephedrine 10-*; procaine has a similar effect. 
Mepyramine 10-* abolishes or greatly reduces the constriction to histamine for 
about 5 min. 

DISCUSSION 
These examples suffice to illustrate the results obtainable with known sub- 
stances in known concentration. We have also used the method to detect the 
presence of vaso-active substances in tissue extracts and in rabbit's blood. For 
example, by a suitable modification in technique, successive quantities of 
0-1 ml. blood can be rapidly transferred from an unanaesthetized donor animal 
to the denervated ear. In this way we have detected the transient presence of 
an adrenaline-like substance in the blood after emotional stimuli; and the 
persisting presence of such a substance after haemorrhage. Further, we have 
used the method to compare the vascular reactions of the normal and the 
denervated ears, and in this way to provide an explanation for the greatly 
increased sensitivity of the denervated as compared with the normally 
innervated vessels. The observations are reported elsewhere. The method is 
capable of other applications. It can be used to study not only the arteries but 
also the other classes of vessels in the ear. 


SUMMARY 
1. A method is described for the intra-arterial injection of solutions into the 
central artery of the living anaesthetized rabbit, and for obtaining repro- 
ducible responses to successive equal doses. | ee 
2. It is useful for studying the reactions of the peripheral vessels and for 
detecting vaso-active substances in high dilution and in small volume. 
3. The effect of various inhibitors and potentiators of these substances can 
be displayed. 
4. The method is applicable to tissue extracts and to rabbit’s blood. 
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APPENDIX A 
By J. H. Benson 


Temperature controlled circulator (Fig. 6) 
A 750 W immersion heater and an aquarium type thermostat are inserted into a rectangular box 
(4 x 4 x 6 in.) of Perspex or celluloid (75 in. thick). A lamp of low power is arranged in parallel with 
the heater so that it glows when the heater is ‘on’. Normally, when in operation the lamp will 
light only for a few seconds at a time, once the working temperature is reached. In addition to the 
heater and thermostat the top carries a small funnel for filling. This funnel is sealed after filling 
with » small rubber bung mounted on a rod. 


Rod with small 
Thermostat bung attached 
Filling funnel 
Lamp ~< Shield for wires 
| 
Flexible drive 
Centrifugal Return 
pump 
Delivery - <— Celluloid case 
outlet 
— Loop-type 
= immersion heater 
Gland nut we. 
co 
L Base 


Fig. 6. Temperature controlled circulator. For explanation see text. 


The small centrifugal pump is made from large diameter brass rod, except the spindle which is 
} ih. diameter stainless steel. A flange is turned on the body which attaches the pump to the 
container by eight 6 8.4. screws. A thin gasket is used to prevent leakage. A gland of conventional 
type backed with cotton yarn stops any leakage at the spindle. One inch diameter brass rod is 
turned to form a disk 1 in. diameter with boss atteched. The disk is then slotted to take four 
blades } in. square. This forms the rotor which is fitted to the stainless steel spindle. 

Where the pump is fitted to the box a 2 in. diameter hole is cut to line up with the rotor for 
entry of liquid. Delivery is taken from § in. diameter short tube brazed to the pump body at 
a tangent to the rotor. The fluid is returned to the container by a similar tube, but of celluloid 
fixed to the opposite side. The motor is rubber mounted to reduce noise. 
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APPENDIX B 
By J. H. Benson 


| Motor driven syringe (Fig. 7) 

A 20 ml. syringe is held in two } in. thick Perspex blocks having U-shaped cut-outs enabling 
the syringe to be easily removed. 

The ram is x in. diameter brass rod drilled to clear the } in. threaded spindle. A heel plate is 
silver soldered to the ram and carries a half nut. The spindle and half nut are screwed } in. 
Whitworth. The half-nut is arranged so that by moving the top part, the thread is disengaged from 
the spindle. A spring pulls the half-nut into engagement when released. This arrangement 
permits the ram to be drawn to the rear when inserting a full syringe. At the rear of the spindle 
but in front of the bearing block is fixed a 1} in. diameter gear wheel and this protrudes through 
the wooden casing to engage the declutch gear. 


20 mi. Perspex Safety - 
syringe supports Felt contact Ram heel plate 


Guide’ 


Declutch 


+ 
Flexible drive 2-stage worm reduction box 
Fig. 7. Motor driven syringe. For explanation see text. 


To prevent the ram rotating with the spindle, the lower end of the heel plate engages in 
a channel-shaped guide. The ram is supported by a Perspex block having a half circle at the top, 
of a suitable diameter. This guide block carries a contact which is lifted by the heel plate when the 
syringe is nearly empty. The contact is in the supply line to the motor so that the motor stops and 
no damage can occur to the apparatus. 

The reduction gearing consists of a two-stage worm reduction which gives about a 600: 1 
ratio and the spur gears which are about 4 : 1. 

To enable the syringe to be operated by hand for purposes of more rapid injection, the main gear 
on the ram spindle may be disengaged from the gear train and turned by hand. This is accomplished 
by shifting the idler gear on its spindle by means of a brass rod. The end of the rod projects from 
the casing with a small handle attached for operation. Where the rod passes through the case a peg 
is fixed and a slit filed to match. If the rod is pushed and turned to 90° the peg prevents it returning 
thus holding the idler gear out of engagement. The idler gear iteelf is on a small spindle attached 
to a bracket. A spring holds the gear back against the drilled end of the declutch rod. 

A rheostat is used to control the motor speed and the syringe will operate with the motor 
turning very slowly. A 12-24 V d.c. motor is satisfactory. 
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AN EXPLANATION FOR THE HEIGHTENED VASCULAR 
REACTIVITY OF THE DENERVATED RABBIT’S EAR 


By J. ARMIN,* R. T. GRANT,* R. H. 8. THOMPSON anp A. TICKNER 
From the Clinical Research Unit, and the Department of Chemical Pathology, 
Guy's Hospital, London 


(Received 3 March 1953) 


It has long been known that vessels acquire a heightened reactivity as a result 
of denervation. No satisfactory explanation has yet been given for this change 
(for references see Cannon & Rosenblueth, 1949). The question was previously 
discussed by one of us for the vessels of the rabbit’s ear (Grant, 1935) and 
attention was drawn to the difficulty in accepting Dale & Richards’s (1918) 
explanation based on observations on the cat’s limb. In effect, this is that the 
enhanced reactivity represents the unhampered response of vessels which by 
denervation are freed from the tonic impulses normally acting on them. This 
hypothesis, however, seemed to entail the removal by denervation of not only 
constrictor but also of dilator tonic impulses from the vessels; evidence for the 
existence of dilator sympathetic fibres to the ear was then, and still is, lacking. 
The recognition by Thompson & Tickner (1951) of the presence of amine 
oxidase in the artery of the rabbit’s ear suggested the possibility that reduc- 
tion or disappearance of this enzyme after nerve section might be, at least in 
part, responsible for the enhanced reactivity of the vessels. Burn & Robinson 
(1952) report a variable reduction in amine oxidase content following denerva- 
tion of the cat’s nictitating membrane, and to this they relate the variable 
degree of heightened reactivity of the membrane to adrenaline and noradrena- 
line. They also report a few observations on the vessels of the cat’s forelimb 
suggesting that here also denervation results in a variable reduction of the 
amine oxidase content (see also Burn, 1952). This explanation, while it might 
account for the increased sensitivity of the rabbit’s vessels to adrenaline, 
could hardly do so for the known heightened reactivity to other constrictor 
substances, e.g. histamine, pituitrin and ergotoxine. The observations now 
described show that the enhanced reactivity of the arteries of the rabbit’s ear 
to constrictor stimuli following denervation is apparently not due to alteration 
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in the amine oxidase content, since this seems to remain virtually unchanged 
after section and degeneration of both sympathetic and sensory nerves. They 
suggest, however, that it is due to the interruption of sympathetic nerve fibres 
which normally exert a tonic dilator influence through the release of acety|- 
choline in the arterial wall. 

In what follows, Armin & Grant are responsible for the physiological 
observations; Thompson & Tickner are responsible for the amine oxidase and 
cholinesterase estimations and for the preparation of the extracts of excised 
arteries, 

METHODS 

We have used Armin & Grant’s method (1953) of local intra-arterial injection; it has been applied 
to the normal as well as the denervated ear. In most of the rabbits, one ear (usually the left) was 
denervated by excising the superior cervical sympathetic ganglion and portions of the great and 
posterior auricular nerves. In others, the sympathetic nerves alone were interrupted either by 
excising both the superior and the stellate ganglia, or by excising the superior ganglion and cutting 
the vertebral ramus of the stellate, at the same time removing as much of this ganglion as can be 
reached from the ventral aspect of the neck. Unless otherwise stated, at least a week was allowed 
to elapse between operation and observation. All animals were tested for completeness of interrup- 
tion of sympathetic fibres by seeing that the ear vessels no longer responded to changes in body 
temperature. 

We have confined observations to the central artery and its main branches. These arteries are 
readily observable in the depilated ear of the intact animal, and after death can be rapidly dissected 
out and submitted to biochemical investigation. 

The substances used for injection were prepared as described by Armin & Grant (1953). The 
concentrations of the substances (w/v) are expressed in terms of the base. Unless otherwise stated, 
the volume injected was 0-1 ml. 

Amine oxidase in central artery of rabbit’s ear. The amount of tissue required for a satisfactory 
estimation (in duplicate) of the activity of either normal or denervated vessels, including adequate 
controls, is 150-300 mg. This entails pooling the arteries from at least five ordinary or four lop-eared 
rabbits. The preparation of the tissue and the measurement of enzymic activity, using 6-01 M-tyra- 
mine hydrochloride as substrate, were carried out as described by Thompson & Tickner (1951). 
In most of the experiments, measurements were made over a period of 3 hr. The results are 
expressed as yl. O,/g tissue (wet weight) per hour. Controls for non-enzymic oxidation of the 
substrate and for the 0, consumption of the enzyme preparation in the absence of added substrate 
were included in each experiment. 

The cholinesterase estimations. Lop-eared rabbits were mainly used. The animals were killed by 
air injected intravenously. The ears were cut off and the central arteries, freed from blood by 
a brief perfusion with 0-9% NaCl, were dissected out and placed in 0-9% NaCl. They were then 
blotted dry and finely minced with scissors, and their cholinesterase activity determined in 
duplicate by the Warburg technique. In preliminary experiments it was found that almost all the 
cholinesterase activity of rabbit arteries is due to the ‘ pseudo-cholinest * and for this reason 
we have used, in the later work reported here, 0-03 m-butyrylcholi hlorate as substrate. Fuller 
details of the characterization of the enzyme and of the methods used are described elsewhere 
(Thompson & Tickner, 1953). 

Extracts of the central arteries. The ears of lop-eared rabbits were cut off and perfused and the 
arteries dissected out as for cholinesterase estimations. After weighing the arteries they were ground 
with washed sand in n/3-HCl in a mortar and then centrifuged. The supernatant extract was 
brought to the boil and kept boiling vigorously for 30 sec. After cooling, the extracts were made 
up to a known volume by the addition of glass-distilled water, so that 1 ml. contained the 
extractives from approximately 100 mg artery. The acid extracts (2-3 ml. in volume) were then 


4 
4 
a 
4 


EFFECTS OF DENERVATION IN ARTERIES — 605 


transferred to glass-stoppered tubes in crushed ice in a Dewar flask and at once tested on the de- 
nervated rabbit's ear by Armin & Grant's method. Testing was begun 2-3 hr after killing the 
animals, 

Immediately before each injection, 0-1 ml. of the acid extract was diluted with 1 or 4 vol. of 


u/15-phosphate buffer (pH 7-3) and 1 vol. »/3-NaOH, and the pH checked with phenol red. If 


necessary & final adjustment to pH 7-3 was made by addition of NaOH or HCl. The concentration 
of the buffered and neutralized extract was thus equivalent to approximately 33 mg/ml. This 
extract was injected either undiluted or in a 50% dilution. The volume injected was uniformly 
0-1 ml. 

Extracts were prepared on six occasions; on two from the normal ears of a single rabbit; on two 
from the normal right ears and the left ears deprived of both sensory and sympathetic nerves 
(three rabbits at 22 days; three rabbits at 51, 55 and 77 days after operation), on two occasions 
from the normal left ears and the right ears deprived of sympathetic nerves (three rabbits at 27 
days; three rabbits at 32 days after operation). | 


RESULTS 
Comparison of the reactivity of normal and denervated arteries 
While it is clear that the denervated artery is much more reactive to constrictor 
stimuli than is the normal, only an approximate measure of the difference is 
possible by the method used, for several reasons. It has been shown (Grant, 
1935) that only in the warm animal (rectal temperature usually about 39° C) 
does the normal artery provide a stable base-line from which to measure the 
degree and duration of constrictor responses. When the animal is cooler, the 
artery is unstable in diameter, constricting and dilating slowly and irregularly 
in rhythm and degree. In the warm animal the artery is fully relaxed. The 
calibre of the denervated artery is independent of body temperature and 
usually remains steady but it is seldom as dilated as is the normal artery in the 
warm animal; it is usually from a half to three-quarters its maximum, even 
when ear bath temperature is raised to 35° C. Therefore an estimate of their 
relative sensitivities is not altogether fair, since comparison is made between 
vessels in differing degrees of relaxation. Moreover, and even when their 
calibres are equal, the responses themselves are not strictly comparable. As 
a rule, and as Fig. 1 exemplifies, when the doses of adrenaline are adjusted to 
give equal degrees of constriction, the duration of the response is longer in the 
denervated vessel; conversely, if the durations are rendered equal, the degree is 
less in the normal artery. It might be possible, but itis not feasible, to adjust 
the dosage more finely so that the areas enclosed by the curves are equal. Since 
it is not easy to estimate fine differences in degree (the eyepiece scale divisions 
are too close) we have preferred to judge the relative sensitivities by duration, 
rather than by degree or both. Further, to ensure uniform responses from the 
normal ear to successive equal doses of adrenaline, it is important not only to 
warm the animal sufficiently to dilate the artery, but also to maintain rectal 
temperature above the point at which the artery will constrict. For, as Fig. 2 
illustrates, when a hot animal is allowed to cool gradually, then as rectal 
temperature approaches the constricting point, but before the artery does 
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constrict, the responses to adrenaline, previously uniform, become increased ; 
as the artery constricts, the responses, though remaining increased, become 
irregular, owing to interference from oscillation. Therefore, when comparing 
the responses of the two ears, we have kept rectal temperature between 


i 


2 


Response duration (min) 
Fig. 1. Responses of normal artery (curve 1) to adrenaline 10~’ and of denervated artery to 
adrenaline 10-** (curve 2) and to adrenaline 2 x 10-" (curve 3). In this and subsequent figures, 


1 scale division =0-1 mm approximately and, unless otherwise stated, the volume injected 
is 0-1 ml. 


3- Rectal temperature (°C) 
40-2 40-75 398 397 396 me 


iF 
7/10 


9/10 8/10 

20 «58 103 107 +112 #118 123 
Time of injections (min) 


Fig. 2, Responses of normal artery to adrenaline 10~* at intervals throughout the experiment. 
During the first hour the rectal temperature was maintained over 40° C; only illustrative 

_ injections are shown for this period; thereafter heating was stopped and rectal temperature 
gradually fell. In this and subsequent figures of this type, the vertical lines show the duration 
of the response. The fractions at the top of these lines show in the denominator the initial 
diameter; in the numerator the diameter at the height of the reaction. 


40 and 41° C and, to minimize the discrepancy between the diameters, we have 
kept the ear bath at 35° C. 3 

Under these conditions, and judging by duration of the response, the 
denervated artery is, in most animals, from 100 to 1000 times more sensitive 
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to adrenaline(Fig. 1) than isthe normal. Occasionally responses of about equal 
duration are obtained from concentrations of the order of 10,000 times less in 
the denervated than in the normal. We confirm previous observations that in 
their reactions to adrenaline, arteries deprived of both sensory and sympathetic 
nerves do not differ from those deprived of their sympathetic supply alone. 

With histamine, the difference in sensitivity is about the same as that with 
adrenaline. Thus in five experiments, to produce responses in the denervated 
artery approximately equal to those in the normal required concentrations 
1000 times weaker in two and about 100 times weaker in three. In two 
experiments, vasopressin (pitressin, Parke Davis and Co., 20 units/ml.) in 
concentrations causing a gross constriction of the minute vessels, had but little 
constrictor effect on the central artery. Though the denervated seems to be 
more sensitive than the normal artery we could not measure the difference, 
since the weakest dilution (10-*) required to cause a distinct constriction of 
the denervated central artery also set up oscillation which lasted 1-2 min. In 
the normal artery a concentration of 10-* was required to provoke a similar 
constriction which lasted 1-2 min without oscillation. 

According to Dale & Richards (1918), the vessels of the cat’s denervated 
limb are more sensitive to acetylcholine than are the normally innervated. 
Whether this is so or not for the rabbit’s ear is undetermined. In the hot 
animal, the dilated normal artery shows little or no further dilatation even to 
strong concentrations of acetylcholine. In the cool animal, the constricted 
artery dilates in response to acetylcholine, but the responses are so irregular i in 
degree and duration, owing to instability of the vessel, that comparison with 
the denervated artery is not possible. 


Amine oxidase in the normal and denervated artery 


It has been shown by Armin & Grant (1953) that in the denervated artery, 
the adrenaline constriction is potentiated by the local injection of ephedrine 
or procaine. The duration of constriction is regularly increased, the degree is 
usually also increased. The effect persists for 30-60 min. There is some variation 
from animal to animal in the degree of potentiation produced, but this bears no 
relation to the time after nerve section at which the test is made (up to 3 months 
after operation). In two rabbits tested in both the second and tenth weeks 
after operation, ephedrine 10-* approximately doubled the duration of the 
constriction to adrenaline 10-. Both ephedrine and procaine cause the same 
potentiation in the normal ear. Fig. 3 illustrates the effect of procaine in both 
normal and denervated arteries of a rabbit 12 days after nerve section. 

If it is accepted that the potentiation by these substances is due to their 
inhibitory action on amine oxidase, then it seems that this enzyme persists in 
the artery after nerve section in an amount sufficient to produce its normal 
effect. 
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; In four experiments the amine oxidase activity of right and left normal ears 
was compared. To economize on the number of rabbits used, the measurements 
of respiration in the absence of added tyramine in these experiments were not 
carried out in duplicate; the figures given for this residual respiration in these 
experiments in Table 1 A are therefore only approximate. However, taking 
the mean values for the four experiments, the total respiration in the presence 
of tyramine, which in each experiment was determined in duplicate, and the 
extra O, uptake due to added tyramine agree well for the two ears. 
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(a) Normal artery (b) Denervated artery 
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Fig. 3. Response of (a) normal artery to adrenaline 10~", and (b) denervated artery to adrenaline 
10-” at the minutes shown in abscissa before and after procaine 10~* (at arrow). 


Table 1 B gives the residual and total respiration in the absence and presence 
of tyramine of the two ears in seven groups of rabbits with one ear denervated. 
The mean level of enzymic activity in the denervated ears (calculated from all 
seven experiments) is 83°, of that in the normal arteries. Since, in these 
experiments, the respiration in the absence of tyramine was measured in 
duplicate, the extra 0, uptake due to the added tyramine has been calculated 
for each experiment (Table 1 C). With one exception (Expt. 10) there is no 
great difference in the enzyme content of the normal denervated vessels. In 
this exception the amine oxidase of the denervated arteries was estimated to 
be only 37 % of the normal. There is no obvious explanation for this result, and 


in two other estimates made at about the same time after nerve section, the : 


enzyme content of the denervated arteries did not differ significantly from the 
normal. Moreover, in all six rabbits of this group, the adrenaline sensitivity of 
the normal and denervated arteries was compared between the 35th and 42nd 
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days after nerve section. Three showed the usual 100 to 1000 times difference 
in the adrenaline concentration required to yield equal responses in the two 
tars, in two the difference was’ nearer 10,000. Also, in the three of them in 


TaBLE 1. Amine oxidase of rabbit ear arteries 


(Expressed as yl, O,/g/hr, measured over 0-180 min, except where otherwise stated.) 
A. Normal right and left ears 


Respiration in the absence Respiration in the presence 
of tyramine pr greater 


rabbits t Left Left 
5 172 171 382 
2 5 195 261 326 290 
3 7 198 117 316 245 
4 8 193 177 263 311 
Total 25 Mean 190 307 307 
Extra respiration due to added tyramine 117 126 


B. Normal and denervated (sensory and sympathetic) ears 
Respiration in the absence in the 
presence 
Days after No. of A A . 


Expt. section rabbits Normal Denervated Normal Denervated 
5* 8-9 4 90 94 444 436 
6t 17 5 110 34 443 345 
7 21 7 82 49 371 339 
8 44 5 37 127 309 422 
9 44 5 143 45 427 256 

10 47-48 6 89 122 485 269 
ll 35-108 7 152 121 316 271 
Total 39 Mean 100 85 399 334 
Extra respiration due to added 299 249 
i.e. mean for denervated ears = 83 %, normal 
* Estimated over 0-120 min. | Estimated over 0-60 min. 
C. Extra respiration in presence of tyramine of normal and denervated 
(sensory and sympathetic) arteries (ul. O,/g/hr) 
Days as 
Expt. section Normal Denervated % of normal 
8-9 354 342 
6 17 333 311 93 
7 21 289 290 100 
8 44 272 295 108 
9 44 284 211 74 
10 47-48 396 147 37 
ll 35-108 164 150 92 


in the denervated artery. There is therefore nothing unusual in the responses 
of the arteries to be associated with the apparently reduced amine oxidase 
content. In view of all the evidence, we put this result aside and conclude that 
amine oxidase persists virtually undiminished in the denervated central artery. 
We conclude, further, that the heightened reactivity of the denervated vessel 
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Cholinesterase in the normal and denervated artery 

Thompson & Tickner (1953) have shown cholinesterase to be present in the 
artery of the normal rabbit's ear. Armin & Grant (1953) have also shown that 
in the denervated artery the dilatation due to injected acetylcholine is poten- 
tiated by eserine in the denervated ear. We cannot conclude from this, how- 
ever, that cholinesterase persists after denervation since it is known that this 
enzyme circulates in the blood plasma. Comparisons of the cholinesterase 
content of normal and denervated arteries have been made at different times 
after nerve section. 

TABLE 2. Cholinesterase of rabbit ear arteries 
(Results expressed as yl. CO,/g/hr; 0-03 m-butyrylcholine perchlorate as substrate.) 
A. Comparison of normal right and left ears 


No. of Days after Left ear as 
Expt. rabbits section Right ear % of 
1 3 1185 95 
2 3 — 1256 97 
3 3 —_— 1096 94 
B. Comparison of normal and denervated (sensory and sympathetic) ears 
No. of Days after Denervated as 
Expt. rabbits section Normal % of normal 
4 1 3 1473 38 
5 2 13 1357 27 
6 2 17 547 29 
7 3 22 985 34 
8 2 24 1443 27 
9 2 28 982 0 
10 3 49 933 0 
11 3 65 945 7 
12 3 78-79 547 10 
13 3 64-140 413 0* 
* 0-015 m-acetylcholine chloride as substrate. 
C. Comparison of normal and denervated (sympathetic) ears 
No. of Days after Denervated as 
Expt. rabbits section Normal % of normal 
14 1 7 872 64 
15 2 27-28 1404 35 
16 3 28-41 1135 46 
17 2 33 1130 42 
18 2 35-36 1039 60 


Table 2 A shows that there is no significant difference in the cholinesterase 
levels of the right and left ears from normal rabbits. .Within 3 days of cutting 
both the sensory and sympathetic nerves, the level is reduced to about one- 
third of the normal, while by about 28 days there is an almost complete 
disappearance of this enzyme from the denervated vessels (Table 2 B). On the 
other hand, though the cholinesterase level is reduced within 7 days after 
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section of the sympathetic nerves only, it does not later disappear but remains 
at about half that of the normal ear (Table 2 C). 

It seems, therefore, that cholinesterase is more closely related to the nervous 
elements in the artery wall than is amine oxidase. Since cholinesterase is 
known to be present in peripheral nerve trunks (Boell, 1945; Sawyer & 
Hollinshead, 1945; Sawyer, 1946), in two experiments the nerve trunk which 
accompanies the central artery was also dissected out from both normal ears 
and those deprived of their sympathetic nerves. Estimation showed both to 
contain pseudo-cholinesterase, their levels of activity being approximately the 
same. Since the activity in the nerves was also of the same order as that in the 
artery, it seems likely that the arteries contain some structure or structures with 
an appreciably higher cholinesterase content than that of the nerve fibre, and 
it is possible that the cholinesterase is mainly, but not entirely, sited at the 
nerve endings. 

It seems also that if, as we assume, the potentiation of acetylcholine by 
eserine in the totally denervated artery is due to inhibition of cholinesterase, 
this must be inhibition of the enzyme brought to the artery by the circulating 


blood. 
Bridenen for the procence.of in the normal artery 
and tts disappearance after denervation 
The effect of body temperature on the response of the normal artery to 
adrenaline illustrated in Fig. 2 recalled previous observations on the human 
forearm (Grant & Holling, 1938) in which the presence of vasodilator nerves 


__ was displayed by an unusual degree of body warming. It suggested the 


possibility that as the hot rabbit cooled, the activity of dilator nerves diminished 
or ceased and thus permitted constrictor influences to exert a greater effect. 


- Ifthis were so, then it seemed that acetylcholine was the most likely mediator 


of the dilator effect. It is clear, as Fig. 4 illustrates, that acetylcholine 
(sufficient in amount to provoke only a transient dilatation) added to an 
injection of adrenaline markedly reduces the degree and duration of the 
constriction. Since it had been shown for the denervated ear that atropine 
inhibits and eserine potentiates the dilator effect of locally injected acetyl- 
choline (Armin & Grant, 1953), it was thought that these substances might 
similarly affect the action of acetylcholine locally released from the nerves in 
the normal ear, and that this might be displayed by an increase or a diminu- 


tion in the response to adrenaline. 


We found, as Fig. 5 exemplifies, that in the normal artery an injection of 
atropine is regularly followed by an increased response to adrenaline for 
a period of 15-30 min. Both the degree and duration of constriction are 
increased. The constriction is prolonged usually to at least twice and often to 


_ three or four times that of the pre-atropine response. Occasionally the 
_ prolongation is less than twice. In the ear deprived of its sympathetic, or of its 
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sensory nerves also, atropine has either no effect on the adrenaline constriction 
or, as in Fig. 5, slightly shortens it. Also, as Fig. 6 illustrates, the injection of 


Fig. 4. Responses of denervated artery to acetylcholine 10~"* (curve 1) to adrenaline 10-* (curve 2) 
and toa mixt taining adrenaline and acetylcholine in these concentrations (ourve 3). 
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Fig. 5. Response of (a) normal artery to adrenaline 10-*, and (b denervated artery to adrenaline 
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eserine is usually followed for a shorter period (about 15 min) by an inhibition 


of the adrenaline constriction. In two out of seven experiments, however, no 
inhibition of the adrenaline constriction followed the injection of eserine in 
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the normal ear. In the denervated ear, injection of eserine has either no effect 

or slightly prolongs the adrenaline constriction. 

_ » These observations suggest that acetylcholine is normally present in the 
arteries of the rabbit's ear and disappears on denervation. This is borne out by 


following experiments. 


(a) Normal artery (b) Denervated artery| 
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Time of injections (min) 
Fig. 6. Responses of (a) normal artery to adrenaline 10-’ and (b) denervated artery to adrenaline 
10-” at the minutes shown before and after the injection of eserine 10~* (at arrow). 


Extracts of normal arteries when injected into the rabbit’s ear provoke 
a maximal or nearly maximal dilatation lasting about half a minute, succeeded 
by a slighter but much longer lasting constriction. With the dilute extracts, the 
dilatation was equal to that with the undiluted extracts or only a little less, 
_ but the constriction was much slighter and shorter. For example, one extract 
(concentration equivalent to 36 mg artery/ml.) caused the artery to dilate to 
9 scale divisions from its initial diameter of 6, the dilatation lasting 30 sec 
followed by a constriction to 4 divisions lasting 2 min 30 sec. Diluted to half, 
the extract provoked the same dilatation while the constriction was reduced 
to 5 divisions lasting 1 min 10 sec. see 

Repeated injections of extracts equivalent to 33-38 mg/ml. soon caused the 
_ artery to oscillate and provoked oedema and minute vessel dilatation in the 
area under observation, thus rendering the preparation unusable. With 
_ extracts equivalent to 15-18 mg/ml. oedema developed only gradually and 
_ oscillations did not occur, so the further tests were carried out with them. The 
_ effect of atropine was tested in five of the normal artery extracts. In each 
instance, as Fig. 7 illustrates, the dilatation was considerably reduced both 
__ in degree and duration, while the succeeding constriction was increased and 
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prolonged. As Fig. 8 shows, the effect of atropine persists, diminishing for 
15-30 min. Eserine, on the other hand, tested on three normal extracts, 
temporarily prolonged but did not increase the dilatation (it was already 
maximal) while the constriction was shortened (Figs. 7, 9). (In Figs. 8 and 9 
only the dilator element is charted.) 


Artery diameter (scale divisions) 


Response duration (min) . 
Fig. 7. Response of denervated artery to extract of normal artery (curve 1); to extract of normal 
artery 11 min after 0-2 ml. atropine 10~* (curve 2); to extract of normal artery 6 min after 
eserine 10~* (curve 3). 


The extracts of denervated arteries in each instance also provoked dilata- 
tion succeeded by constriction. There was no difference between the responses 
from extracts of arteries deprived of their sympathetic nerves alone and those 
deprived of both sensory and sympathetic nerves. The dilatation was slightly 
less in degree but of about the same duration as that of the corresponding 
normal extract. The succeeding constriction, however, was much less in both 
degree and duration; in two of the extracts it was barely measurable. Fig. 10 
illustrates the difference between the response to normal and denervated 
extracts. In contrast to the normal extracts, atropine in all four instances did 
not shorten or reduce the dilatation and had no effect on the constriction. In 
the three instances in which it was tested, eserine did not prolong the dilatation 
or alter the constriction. Figs. 8 and 9 illustrate these differences of the 
dilator element between normal and denervated extracts. 

We interpret these observations to mean that the arterial extracts contain 
a mixture of vaso-active substances, both dilator and constrictor. The effects 
of atropine and eserine strongly suggest that acetylcholine is one of the dilators 
present in the normal artery but not in the denervated artery. It will have 
been noted that though atropine considerably reduces the dilator activity of 
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(a) Normal artery |(b) Denervated 
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Fig. 8. Dilator element of responses of denervated artery to (a) normal artery extract, and 
(b) denervated artery extract at the minutes shown before and after 0-2 ml. atropine 10-* 


(at arrow). 


Fig. 9. Dilator element of response of denervated artery to (a) normal artery extract, and 
(6) denervated artery extract at the minutes shown before and after eserine 10~* (at arrow). 
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Fig. 10. Responses of denervated artery to normal artery extract (curve 1) 
and to denervated artery extract (curve 2). 
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normal extracts (through inhibition of the action of the contained acetyl- 
choline) yet the dilator activity of the denervated extracts is only a little less 
than that of the normal ones. The constrictor effect of normal extracts, 
however, is much more powerful than that of the denervated, and this would 
be expected to exert a greater masking effect on the dilator element of normal 
extracts and thus reduce the difference between the dilatations to the normal 
and denervated extracts. The nature of the non-acetylcholine dilator element 
and of the constrictor is undetermined. It is probable, however, from the 
oedema, minute vessel dilatation and arterial oscillation provoked by the 
strong extracts that histamine is in part responsible for the constriction of 
both normal and denervated extracts. It is probable also, from the work of 
Gaddum & Kwiatkowski (1938) and of Outschoorn (1952), that the normal 
extracts contain also adrenaline or noradrenaline or both. We suggest that 
these may be absent from the denervated extracts. Since these points are not 
relevant we do not pursue them further. 

These observations provide evidence for a sympathetic cholinergic nerve 
mechanism in the ear artery. Further, they suggest that destruction of this 
mechanism might, at least in part, account for the enhanced reactivity of the 
denervated artery to constrictor stimuli. Additional observations support 


this suggestion. 
Development of heightened reactivity 

Previous observations (Grant, 1935) showed that the heightened reactivity 
is not present at once after nerve section, though this at once removes 
constrictor impulses. In the rabbit under phenobarbitone, the denervated 
vessels respond more strongly than the normal to adrenaline injected intra- 
venously by about 5 hr after nerve section. The responsiveness increases for 
about a week and thereafter persists unchanged. These conclusions were based 
on comparisons of the general colour and temperature of the two ears and do 
not necessarily apply to the central artery. 

The response of the central artery to adrenaline and the effect of atropine 
on that response have been tested at different times within the first week after 
nerve section. In two rabbits tested at 30-60 min and in two at 5 hr after 
nerve section we could detect no material difference between the responses of 
the two arteries. In two rabbits at 18 hr, adrenaline in the same concentration 
gave a slightly greater and longer lasting contraction on the side of nerve 
section ; atropine prolonged the adrenaline constriction to about the same degree 
in both arteries. At 42 hr (one rabbit) the denervated artery was 10 times more 
sensitive to adrenaline, and atropine had a much slighter potentiating effect 
than in the normal. Thus, in the normal artery, adrenaline 10-* caused a con- 
striction from 7 to 5 divisions, lasting 39 sec; after atropine the maximum 
constriction was from 7 to 4 divisions, lasting 1 min 42 sec. On the denervated 
side adrenaline 10-* constricted the artery from 4 to 3 divisions for 36 sec: 
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after atropine the maximum potentiation was from 4 to 2} divisions, lasting 
59 sec. At 3 days, however, the full sensitivity was established in two rabbits 


and atropine had little or no potentiating effect on the denervated side. Fig. 11 
illustrates the results in one of these animals. 
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(a) Artery; nerves (b) Normal 
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Fig. 11. Responses of (a) artery 3 days after nerve section to adrenaline 10-™, (b) normal artery 
to adrenaline 10-’, at the minutes shown before and after 0-2 ml. atropine 10-*. 


These observations show that after nerve section (1) there is no immediate 
change in the sensitivity of the artery to adrenaline or in the effect of atropine 
on the adrenaline response, (2) as the response to adrenaline increases over the 
course of a few days, the effect of atropine decreases, and (3) by the time full 
sensitivity is established atropine no longer potentiates the adrenaline 
constriction. 

Further, the potentiating effect of atropine on the adrenaline response in 
the normal artery greatly reduces and may abolish the difference in sensitivity 
between the normal and denervated arteries. Fig. 5 shows that in the normal 
artery, adrenaline 10-* provokes before atropine a constriction of about half, 
and after atropine of nearly double the duration of that caused by adrenaline 
10~* in the denervated artery. In other instances in which atropine markedly 
potentiated the adrenaline response, we have found that the same concentration 
of adrenaline is required to produce a constriction of the same duration in the 
denervated artery, whereas to'match the pre-atropine constriction a concentra- 
tion of 100 to 1000 times less is required. Atropine, however, does not always 
abolish the difference in sensitivity between the two ears, though it always 
reduces it. We may account for this by supposing that the injected atropine 
does not always completely antagonize the dilator effect of the locally released 
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acetylcholine. Atropine does not always abolish the dilator effect of injected 
acetylcholine, though it regularly reduces it. 

We have found that atropine also temporarily prolongs and may intensify 
the constriction to histamine in the normal but not in the denervated artery. 
This, however, is less readily displayed owing to the liability of repeated 
injections of histamine to provoke oedema and to set up oscillations in the 
The conclusion suggested by these observations is that disappearance of 
acetylcholine from the artery wall as a result of denervation is responsible, at 
least in large part, for the heightened reactivity of the artery to constrictor 
stimuli. 

Acetylcholine release independent of central nerve stimulation 

The immediate effects of nerve section seem at first sight in conflict with the 
observations on the effects of cooling a warm animal on the response to 
adrenaline in the normal ear. These suggested that vasodilator nerves, active 
in the warm animal, reduce or cease their activity as the animal is cooled and 
presumably diminish the release of acetylcholine, thus enhancing the adrenaline 
constriction. On the other hand, acetylcholine activity seems to persist 
undiminished for at least 5 hr after nerve section. Both results, however, are 
susceptible to other interpretations. The increased response of the normal 
artery as the rabbit cools may mean only that with body cooling the constrictor 
nerves are gradually brought into play so that constrictor substance is released 
in quantity sufficient to balance the dilator effect of the acetylcholine present 
and thus allow injected adrenaline to exert a greater effect. On the other hand, 
it is possible that section of the nerves may stimulate them; this is unlikely 
since Adrian’s work (1930) shows that only in sensory nerves can action currents 
be detected after section and in them only for a brief period. 

In two experiments we have anaesthetized the nerves in their course to the 
ear and then tested the effects of atropine on the adrenaline constriction to both 
ears. The superior cervical ganglion and the great.and posterior and auricular 
nerves at the root of the ear were gently exposed and surrounded by gauze 
soaked in 2% procaine and covered by waterproof sheeting to minimize the 
absorption of procaine into the general circulation. The vessels of the anaes- 
thetized ear were dilated as they would be in a warm animal or after nerve 
section. Needle pricks of the skin of the normal ear made the sleeping rabbit 
move; they provoked no response from the ear of which the nerves were sur- 
rounded by procaine. In both animals, no material difference was detected in 
the responses to adrenaline or in the effect of atropine on these responses. 

It seems, therefore, that release of acetylcholine in the artery wall is 
independent of central nerve stimulation. It might, however, be dependent 
on local nervous activity. To examine this possibility, we have sought to 
anaesthetize the nerve endings in the artery wall by injecting procaine intra- 
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arterially and then testing the effect of atropine on the adrenaline responses. 
The results in two experiments were consistent. Procaine, as usual, potentiated 
the adrenaline constrictions in both normal and denervated arteries. Atropine, 
injected intra-arterially at the height of the procaine effect, provoked a still 
greater potentiation of the adrenaline constriction in normal but not in the 
denervated artery. Since procaine is a local anaesthetic as well as an inhibitor 
of amine oxidase, these observations suggest that the release of acetylcholine 
does not depend on local nervous activity. The evidence, however, is not 
sufficient for we have no proof that the procaine injected is exerting an 
anaesthetic as well as an oxidase-inhibiting effect in the artery wall. Pin 
pricks in the skin of the area from which blood was washed by the intra- 
arterial procaine injection (and using concentrations up to 2°) show that the 
skin is only partially and briefly anaesthetized; the pricks provoked move- 
ment of the animal 5-10 min after the procaine injection. The point, therefore, 
remains undecided. 
_ DISCUSSION | 

The general conception suggested by these observations is that, in the wall of 
the central artery of the rabbit’s ear, acetylcholine is continuously synthesized 
and released through the action of the sympathetic nerves and tends to keep 
the artery in a state of dilatation. In the normal animal, constriction of the 
artery is brought about by stimulation of the constrictor fibres alone, the 
constrictor substance released (adrenaline or noradrenaline or both) over- 
coming the continuous ‘background’ dilator effect of the acetylcholine. After 
nerve section, as the processes of degeneration extend distally, synthesis and 
release diminish and finally cease so that after about 3 days acetylcholine 
disappears from the artery wall. This disappearance is responsible, at least in 
large part, for the heightened reactivity of the denervated artery to constrictor 
stimuli. This conception, since it provides evidence for the gradual dis- 
appearance of a dilator influence after nerve section, removes the remaining 
difficulty in accepting Dale & Richards’ (1918) explanation for the heightened 
reactivity of denervated vessels to constrictor stimuli. 

The evidence on which this conception rests cannot be regarded as conclusive. 
In the first place it depends on a new method, unused by others, and it may be 
noted that the method gives results in conflict with some reported for the 
perfused isolated ear. Thus, for example, according to Burn & Dutta (1948) 
in the isolated ear, procaine as well as atropine, antagonizes the action of 
acetylcholine and both inhibit the action of adrenaline. 

Secondly, the evidence for acetylcholine activity in the normal and the lack 
of it in the denervated artery is indirect, depending on the effect of atropine 
and eserine on the response to adrenaline. Atropine is presumed to act by 
antagonizing acetylcholine, and eserine by inhibiting cholinesterase thus 
potentiating the acetylcholine. effect on adrenaline. The evidence for the 
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presence of acetylcholine in the arterial extracts is more direct but again 
depends on the effects of atropine and eserine. It is hazardous to draw conclu- 
sions from these pharmacological tests applied to such a mixture of vaso-active 
substances as these extracts appear to contain. The matter requires further 
investigation by more orthodox methods. We may point out, however: 
(1) that Schmiterléw (1948) has already provided evidence for the presence of 
acetylcholine in extracts of horse and ox arteries; and (2) that there is abun- 
dant evidence for the continuous release of acetylcholine from the wall of the 
gut which is independent of the activity of the extrinsic and probably also of 
the intrinsic nerves (Feldberg & Lin, 1950). 

It has been seen also that section of both sensory and sympathetic nerves 
leaves the amine oxidase activity of the artery virtually undiminished but 
leads to the gradual disappearance of cholinesterase activity. Section of the 
sympathetic nerves alone reduces cholinesterase activity to about half its 
normal level. 

Our findings with amine oxidase are in conflict with those reported by Burn 
& Robinson (1952) for the arteries of the cat’s forelimb. We point out, however, 
that this work was carried out with different arteries derived from animals of 
a different species. Similar species and tissue variations have been observed in 
connexion with the cholinesterase content of skeletal muscle after denervation. 
Thus, Martini & Torda (1937) described a pronounced fall in the cholinesterase 
content of rat gastrocnemius after denervation, and similar findings were 
reported by Couteaux & Nachmansohn (1940) for guinea-pig gastrocnemius. 
Brooks & Myers (1952), however, found that the cholinesterase content of 
guinea-pig serratus anterior is unchanged by denervation, although they 
confirmed the results of the above-mentioned workers with rat and guinea-pig 
gastrocnemius. Similar variations may exist with amine oxidase. 

Our findings on the effect of sympathetic denervation on cholinesterase 
content are in accord with those of Schofield (1952) for the cat’s iris. 

These findings in the rabbit’s ear may be applicable to the circulation in 
other parts and in other animals, for example, the human finger. In several 
respects, the circulation in the human finger shows a close parallelism to that 
of the rabbit's ear. Both serve not only local needs but also the regulation of 
body temperature, and both are richly supplied by arterio-venous anastomoses; 
in both the sympathetic nerves are generally regarded as constrictor only (but 
see Lewis & Pickering, 1933) and both develop an enhanced reactivity to 
constrictor stimuli after sympathectomy. Preliminary observations show that 
the parallelism extends further. Thus an extract of digital arteries dissected 
from a cadaver about 4 hr after death provoked in the denervated rabbit’s ear 
dilatation followed by constriction; the dilatation was inhibited by atropine 
and potentiated by eserine. In another instance, cholinesterase activity was 
found in the digital artery dissected from a finger accidentally amputated. 
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SUMMARY 


_ 1, Evidence is provided for the presence of a sympathetic cholinergic nerve 
- mechanism in the central artery of the rabbit's ear. 
_ 2. Tt is suggested that, normally, acetylcholine is continuously Wathen 
and released, independently of central nerve stimulation, and tends to keep 
the artery in a state of dilatation. 

3. About 3 days after sympathetic nerve section, acetylcholine disappears 


from the artery. 

4. This disappearance is responsible, at least in part, for the heightened 
reactivity of the denervated artery to constrictor stimuli. 

5. The artery exhibits both amine oxidase and cholinesterase activity. 

6. After section of both sensory and sympathetic nerves amine oxidase 
persists virtually undiminished while cholinesterase disappears. Section of the 
_ sympathetic nerves alone reduces cholinesterase activity to about half that of 
the normally innervated artery. 
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CHOLINESTERASE ACTIVITY OF ARTERIES 


By R. H. 8, THOMPSON anv A. TICKNER 
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Although the presence of enzymes hydrolysing acetylcholine has been described 
in a wide variety of mammalian tissues, no report has yet been made, as far as 
we are aware, of the cholinesterase activity of isolated arteries. 

In view of the known actions of acetylcholine and eserine on blood vessels 
(see Dale, 1933; Grant, Bruce Pearson & Comeau, 1936; Alexander, Elliott & 
Kirchner, 1940), it is to be expected that certain of the structures in the vessel 
wall might contain a cholinesterase. 

It seemed, therefore, that more direct information on isolated arteries was 
needed, and in the course of experiments designed to study the problem of the 
increased sensitivity of denervated blood vessels (Armin, Grant, Thompson & 
_ Tickner, 1953) the arteries of the rabbit’s ear were dissected out, and were 
found to hydrolyse acetylcholine readily, Since it is now clear that a number 
of different enzymes, each capable of hydrolysing choline esters, exist in 
mammalian tissues (Ord & Thompson, 1950), it was thought desirable to 
characterize this esterase more fully and to study its distribution in different 
blood vessels. | 

METHODS | 

Materiales. Rabbit blood vessels were removed from the body after killing the animals by air 
embolism. Aortas were removed from rats and guinea-pigs after killing by decapitation. Human 
material was obtained post-mortem and from amputated limbs. 

The rabbit ear arteries were briefly perfused with saline before dissection (see Armin et al. 1953). 
All other vessels were well washed with saline in vitro, and any blood clots removed; adherent fat 

and connective tissue which had not been removed from the vessels while in the body were dis- 
sected away. 

With dnd weighed samples of tho mince etd for 
cholinesterase estimation. 

Estimation of esterase activity. Esterase activity was determined manometrically at 38° C and 
~ at pH 7-4 using the Warburg technique (Ammon, 1933). All estimations were made in duplicate, 
_ and were corrected for non-enzymic hydrolysis of the substrate. Activity is expressed as 1.CO,/g 

tissue (wet wt.)/hr. 

Substrates. (1) Acetylcholine chloride (ACh) (British Drug Houses, Ltd.). (2) Butyrylcholine 
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(BuCh), prepared by Dr G. R. Webster in this laboratory (Earl, Thompson & Webster, 
1953). (3) Acetyl-f-methylcholine chloride (MCh) (Savory & Moore, Ltd.). (4) Propionyicholine 
perchlorate (PrCh), prepared by Dr G. R. Webster. (5) Tributyrin (TB) (British Drug Houses, 
Ltd.) 


The choline esters were dissolved in 0-025 m-NaHCO, immediately before use to give a final 
concentration of 0-015 « for ACh and 0-03 ™ for BuCh, MCh and PrCh. The tributyrin was 
pipetted directly into the side-arm of the Warburg flasks (0-03 ml. per flask) and was covered 
with 0-17 ml. of 0-025 m-NaHCO,. , 

Inhibitors, (1) Eserine sulphate (British Drug Houses Ltd.). (2) Dissopropyl fluorophos- 


phonate (DFP). | 
The inhibitors were dissolved in 0-025 m-NaHCO, immediately before use. 


RESULTS 

Preliminary experiments with the isolated central artery of the rabbit’s ear 
showed that acetylcholine is hydrolysed at a rapid rate by this tissue. The 
aorta and several other large arteries in the rabbit were next studied, and were 
also found to contain an acetylcholine-hydrolysing enzyme. Although a 
number of different types of cholinesterase have now been recognized in the 
tissues of different mammalian species, many of them can still usefully be 
classified as being either a ‘true’ cholinesterase or a ‘pseudo’ cholinesterase 
(Mendel & Rudney, 1943). To determine whether the activity present in 
rabbit blood vessels is due to an enzyme falling into one or other of these two 
main types, we studied the hydrolysis of a number of different choline esters, 
including acetyl-8-methylcholine as a selective substrate for the true cholin- 
esterase (Mendel, Mundell & Rudney, 1943) and butyrylcholine for the pseudo- 
cholinesterase (Nachmansohn & Rothenberg, 1945). : 


ee 1. Hydrolysis rates of different esters by arterial cholinesterases 
(Expressed as yl. CO,/g/hr; no. of experiments in brackets) 


BuCh MCh 

Tissue ACh BuCh PrOh MCh TB ACh ACh 
Rabbit aorta 1,875 (7) 5,565 (6)  2,920(3) 180(4) 1,880(5) 30 007 
Rabbit carotid 915 (1) 2,350 (1 212 (1) 4 1) 26 0-23 
Rabbit brachial 869 (1) 2,166 25 O17 
Rat aorta 14,250 (2) 19,810 (5) 22,700 (3) 965 (2) 14 0-07 
Guinea-pig aorta 1,630 (2) 5,350 (2) — 415 (2) a= 33 0-25 
Human aorta 200(1) 515 (1) — 26 0-35 


_ Table 1 shows the rates at which the different substrates are hydrolysed by 
various rabbit, rat, guinea-pig and human arteries. The human aorta was 
obtained from a male aged 42. It will be seen that, except for rat aorta, BuCh 
is hydrolysed about 2}-3 times as rapidly as ACh, whereas MCh is hydrolysed 
at about a quarter of the rate of ACh or less by rabbit, rat and guinea-pig 
arteries, and at about one-third of the rate of ACh by the human aorta. The 
BuCh/ACh ratio of 1-4 for rat aorta is lower than that obtained for the other 
species, but agrees well with the ratio of 1-4 obtained for the pseudo-cholin- 
esterase of rat heart by Ord & Thompson (19651). The MCh/ACh ratio varies 
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rather widely among these different arteries, but with the low levels of activity 


found in the presence of MCh the values given for the hydrolysis rate of this 


substrate are likely to be only approximate. 

These findings indicate therefore that the cholinesterase in these blood 
vessels is largely, but not entirely, a pseudo-cholinesterase. 

Table 1 also shows that tributyrin is rapidly hydrolysed by rabbit aorta and 
carotid artery. The fact that the carotid artery splits tributyrin about 4 times 
as fast as the aorta, relative to the acetylcholine rates for these tissues, sug- 
gests that there is present, in addition to the cholinesterase, an ali-esterase 
which is relatively more plentiful in the carotid artery than in the aorta. 

Summation experiments in which the rate of hydrolysis of mixtures of 
tributyrin and a choline ester are compared with the rates obtained with each 
of these substrates alone confirm the interpretation that two enzymes are 
present (Table 2). This is further borne out when the effect of eserine is studied 


Taste 2. Hydrolysis rates of mixtures of tributyrin and choline esters by rabbit arteries — 
(Expressed as yl. CO,/g/hr) 


Choline ester + TB 
A. ‘Summation’ 
Tissue ACh TB Found Cale. (%) 
Aorta 2730 2760 6040 - 5490 110 
Aorta 1080 1450 2140 2530 84 
BuCh 
Renal 1710 860 2910 2570 113 


Tasiz 3. Effect of eserine (10-’ m) on the hydrolysis of choline esters and tributyrin by arteries 


%, inhibition 

Tissue ACh TB 

Rabbit aorta 59 20 
BuCh 

Rabbit aorta 54 28 

Human carotid 47 5 


on the hydrolysis of these substrates (Table 3), since tributyrin hydrolysis is 
found to be significantly less eserine-sensitive than is the hydrolysis of acetyl- 
or butyrylcholine. 

The effect of DFP on the hydrolysis of butyrylcholine by rabbit carotid 
artery and human aorta was also studied; the cholinesterase in these tissues 
was found to be highly sensitive to inhibition by this compound, concentra- 
tions of 7 x 10-®m and 2-5 x 10~-°m bringing about 50% inhibition in the rabbit 
and human tissues respectively. These values agree well with the J. con- 
centrations found for the pseudo-cholinesterase in other tissues of other 
species. Thus, Mackworth & Webb (1948) found an J,) concentration of 
1-2x10-®m for the pseudo-cholinesterase of horse serum, while Mazur & 
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Bodanksy (1946) reported I,, concentrations of 6-3 x 10-°m and 2 x 10-*m for 
horse and human serum respectively. 

The cholinesterase levels of a number of different rabbit arteries are shown 
in Table 4. In one experiment the superior and inferior venae cavae were 


Taiz 4. Cholinesterase levels of rabbit arteries 
(Expressed as pl. OO,/g/hr. Substrate 0-03 m-butyrylcholine perchlorate) 
Aorta Carotid Brachial Femoral Pulmonary Renal Ear 
6970 3200 1290 115 


3430 995 870 

4875 4000 2395 350 2765 540 935 

5160 3585 1975 335 3050 845 985 

5370 2410 3220 - 230 3560 1710 1355 

7005 3855 2395 415 — _ 545 

4010 4005 1720 665 _— _ 1185 

Mean 5565 3509 2166 352 3201 1022 979 


dissected out, but were found to show only negligible activity, amounting to 
less than 100 yl./g/hr. No activity was detected in the pulmonary vein. Small 
lengths of coronary artery, dissected from a number of rabbits, gave a level 
of 2020 l./g/hr, but little reliance can be placed on the accuracy of this single 
estimate. 

In two experiments rabbit aorta was slit open longitudinally and the inner 
layer of the vessel wall (amounting to approximately half the total thickness 
of the vessel wall) was scraped off the remaining outer part; in each experiment 
the inner layer showed a level of activity significantly higher than the outer, 
the average levels being 8115 and 5270 yl./g/hr respectively. 

A few experiments with arteries from human subjects showed the presence 
of cholinesterase activity which, as already pointed out, seems to be a pseudo- 
cholinesterase like that in the rodent arteries. The values which we have 
obtained have ranged from 255 yl./g/hr for the digital arteries, removed from 
an amputated finger in a middle-aged man, to 1310 pl./g/hr for the common 
iliac artery from an infant 3 days old. We must stress, however, that we have 
so far examined only a very few human blood vessels. 


DISCUSSION 


The experiments described above demonstrate a relatively high level of cholin- 
esterase activity in a number of rabbit blood vessels, in the aorta of the rat and 
guinea-pig, and, in a few preliminary experiments, in human aorta and 
arteries. In this connexion it is of interest to recall that Schmiterléw (1948) 
has recently identified acetylcholine in extracts of arterial wall. 

Summation experiments and sensitivity to eserine indicate that the enzyme 
concerned in the hydrolysis of acetylcholine by these tissues is distinct from 
the ali-esterase which is also present and which hydrolyses simple aliphatic 
esters such as tributyrin. Experiments with different choline esters as 
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substrates indicate that the cholinesterase in these arteries is chiefly a pseudo- 
cholinesterase, in that BuCh is hydrolysed more rapidly than ACh, while MCh 
is attacked only at a low rate. Also, the sensitivity of the acetylcholine- 
hydrolysing activity to inhibition by DFP is of the same order as that of 
the classical pseudo-cholinesterases in horse and human serum. The activity 
of the rabbit aorta in the presence of different choline esters suggests that, 
like certain of the pseudo-cholinesterases in other species, it is a ‘butyro- 
cholinesterase’ (Sturge & Whittaker, 1950), since the rates of hydrolysis are 
in the order BuCh>PrCh>ACh>MCh. Rat aorta appears to be very rich 
in an enzyme which, in this species, appears to be a ‘ propiono-cholinesterase’ 
similar to the enzyme in rat heart, propionylcholine being hydrolysed more 
rapidly than butyrylcholine. 

The different arteries in the rabbit which we have so far studied show some 
striking differences in activity; the femoral artery in particular shows a 
relatively low content of cholinesterase, amounting to less than one-tenth of 
that in the aorta. The distribution of cholinesterase activity in these arteries 
differs therefore from that obtained for mono-amine oxidase (Thompson & 
Tickner, 1951), the level of which in the femoral artery is of the same order as 
that in the brachial and ear arteries, and amounts to about half the level in 
the aorta. 

We cannot reach any conclusion as to the location of the cholinesterase in 
the arterial wall, but from our observation that the inner layer of the rabbit 
aorta shows a higher level of activity than the outer we feel justified in 
regarding the enzyme as associated with some structure or structures in the 
arterial wall itself, and not due merely to the inclusion in the material under 
assay of nerve plexuses and other structures in the adventitia and surrounding 
tissues. Histochemical studies would be of interest as a possible means of 
determining more exactly the localization of the enzyme. The observations 
recorded in the preceding paper (Armin e¢ al. 1953) suggest that it is partly 
associated with the sympathetic nerves to the vessels and partly with sensory 
nerves. 


SUMMARY | 
1. Cholinesterase activity has been demonstrated in a number of rabbit, 
rat, guinea-pig and human arteries. 
2. Experiments are described indicating that this activity is due chiefly to 
a pseudo-cholinesterase. 
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CATION EXCHANGES IN SYMPATHETIC GANGLIA 


_ By E. J. HARRIS anp H. McLENNAN 
From the Department of Biophysics, University College, London 
(Received 20 April 1953) 


This study was undertaken with a view to determining whether any differences 
could be found between normal ganglia and those in which the post-ganglionic 
fibres had been sectioned and allowed to degenerate. Brown, McLennan & 
Pascoe (1952) have recently shown that in the latter there is a failure of 
ganglionic transmission. There have, however, been no previous investigations 
of the kinetics of sodium and potassium movements in ganglia, and it was 
necessary to study normal tissue fully before considering the abnormal 
ganglia. The present paper deals with the results obtained on normal ganglia 
and the paper which follows it (McLennan, 1953) with those on axotomized 
ganglia. 
METHODS 


The superior cervical ganglia of rats, rabbits, cats and dogs were used. The animals were 
anaesthetized, the ganglia excised as rapidly as possible, placed in a dish of saline medium and 
the capsule removed with scissors. They were then blotted with filter-paper, and the fresh weight 
determined with a small torsion balance. The saline medium used had the following composition 
(mm): Na 142, K 3, Cal, Mg 0-5, C1101, SO, 0-5, bicarbonate 40, phosphate 3, glucose 10. 
Oxygen containing 5% CO, was passed through the fluid, giving a pH of 7-4 at 18°C. For 
experiments at 37° C the bicarbonate concentration was reduced to 20 mm and the Cl increased 
to 121 to give the same pH when equilibrated with 5% CO,. 

Radioactive K and Na were both obtained in the form of bicarbonate from A.E.R.E., Harwell. 
Isotonic solutions of K phosphate and NaCl were prepared directly from the bicarbonates by 
treatment with H,PO, and HCl respectively. ‘*KCl free from possible contamination by *Na was 
prepared by precipitating KCIO, and igniting the precipitate. paling ef the 
composition given above were prepared from these solutions. 

To measure the rate of uptake of “*K a whole ganglion was placed in the radioactive medium, 
the flow of gas ensuring adequate mixing. During this period the radioactivity of the tissue 
was determined at intervals. For this the ganglion was withdrawn and washed for exactly 1 min 
in non-radioactive saline in order to remove adhering radioactive fluid. It was then placed on 
a small nickel dish which could be slid under an end-window Geiger tube. The radioactivity was 
measured for two 1 min periods, after which the ganglion was returned to the solution. 

At such time as the tissue radioactivity, after correction for blank, decay, and resolution time 
of the counter, had reached a steady level, the ganglion was transferred to non-radioactive 
medium, and the loss of radioactivity followed. During this phase of the experiment it was not 
necessary to wash the tissue before assay of the activity, since the bathing solution, which was 
changed from time to time, had a negligible activity. 


>. 
4 
4 
2 
‘ 
4 
4 ‘ 


630 E. J. HARRIS AND H. MoLENNAN 


At the end of the experiment the ganglion was dissolved in a few drops of nitric acid, water 
added, and an aliquot of this solution counted for radioactivity. The activity was compared with 
that of a dilution of the radioactive medium used in the first half of the experiment, so that it was 
possible to relate the number of counts/min of the tissue to pequiv of K derived from the solution. 

The volume of medium used was always at least 500 times the volume of the ganglion, so that 
the specific activity of the K of the solution remained essentially unchanged during the course 
of an experiment. In a long experiment it was, however, changed at least once. 

Na exchange was measured in an identical way. 

Na and K analyses were carried out on aliquots of a solution obtained by heating to dryness 
the nitric acid solution of the ganglion, and taking up the residue in water. These analyses were 

with a flame photometer. Chloride estimations on fresh ganglia were done by a slightly 
modified Volhard method. 


Tasix 1. Analyses of fresh ganglia 


Average 
Rate Rabbits (+8.D.) 
K 122 140° 118° 
100 
133 72 90425 
59 
83 
Na 70° 104% 82° 
a 43 «(84 112 100 86 92429 
128 
Values are given in pequiv/g. ‘ 


The superscripts identify particular ganglia in which both Na and K were determined. 


RESULTS 
Na, K and Cl contents of freshly excised ganglia 

Analyses of the total Na, K and Cl contents of the superior cervical ganglia of 
rats and rabbits are shown in Table 1. The high values found for Na and C\, 
if these ions are assumed to be largely extracellular, indicate that the extra- 
cellular fluid in this tissue comprises 50-60% of the weight. Histological 
estimation of the fraction of the total volume of the ganglion occupied by 
cell bodies and processes has been made on three rabbit ganglia, the average 
being 33%, so that the extracellular space determined in this way is at least 
as much, if not more than that calculated from the chemical analyses. The 
extracellular space in other nervous tissue has been reported as 40% (Manery 
& Hastings, 1939). Dry-weight determinations have shown that solids com- 
prise about 15% of the fresh weight of the ganglion, and therefore the 
intracellular K concentration may be as high as 250-350 pequiv/g of cell 
water. The superscripts used to identify particular ganglia in Table 1 show 
that high K is not invariably associated with low Na, i.e. with a particularly 
small extracellular space. Values which have been reported for the K contents 
of the superior cervical ganglia of dogs fall in the range 45-62 wequiv/g fresh 
tissue (Vogt, 1936). 
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K uptake and output in vitro 

If an isolated ganglion is incubated in a saline medium containing radio- 
active “K, the radioactivity of the tissue gradually increases until a steady 
value is attained, usually after about 4 hr. Values obtained in one experiment 
for the quantity B (see below) were: 22-5% of the tissue K exchanged after 
4hr, 25:2% after 5 hr, 260% after 6 hr and 26-0% after 7 hr. If the tissue 
is then transferred to a non-radioactive medium of similar chemical composi- 
tion, the loss of radioactivity from the ganglion can be followed. Fig. 1 
indicates a typical experiment of this type. 


4 7 8 
Time (hr) 


Fig. 1. The exchange of “*K in a rat ganglion. Temperature 17°C. After 4 hr incubation in 
radioactive saline medium, the ganglion was permanently transferred to non-radioactive 
saline. 


It can be seen that there is a rapid phase, lasting about 20 min, succeeded 
by a slower phase. Empirically, an equation can be fitted to the uptake 
curve of the form 
*K = —exp(at)] + —exp(—00)], 

and the time course of the loss of radioactivity from the tissue after transfer 
to an inactive solution at time ¢, is given by Harris (1953): 


*K = —exp(—at)] + —exp(—bs)] — A{1 —exp[ —a(t—t,)} 
~ B{l —exp[ —b(t—4)}}. 
The constants for these equations have been determined from a number of 
experimental curves, and the values are shown in Table 2. A represents the 
amount of K which exchanges rapidly (i.e. with a time constant ‘a’), and is 
found to be 2~4 times the expected extracellular K in rat ganglia, but about 
the expected value in ganglia from rabbits. 
_ The quantity B denotes that part of the tissue K which exchanges more 
slowly, the rate constant ‘b’ being about 0-7 hr~ for rats and 0-22 hr~ for 
rabbits at 17° C. In these experiments, where the ganglia have been incubated 
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in media having a low K concentration, it will be noted that the sum of 
A and B is usually of the order of 45% of the total K; that is, that a con- 
siderable part of the tissue K either exchanges very slowly or is inaccessible 
to the “K of the soaking solution. These results are similar to those reported 
for the exchange of frog muscle K by Harris (1953). 

The experiments which have so far been described were all performed at 
room temperature. When incubation was carried out at 37°C the ganglia 
usually failed to maintain their K content for a sufficient time to permit the 
degree of exchange to be measured. In only two cases has it been possible to 


Tasiz 2. K influx in ganglia 


Parameters of the equation *K = —exp( - at)]+ B[1 -exp( A and B as percentage 
of total K; ‘a’ and ‘bd’ in 


Tissue of 
(mg) "yg (br) A a B b 
Rat 1:8 12-5 5 7 — 37 0-38 
1-7 125 3 4 —_ 34 0-46 
1 16 5 14 i) 46 0-56 
1-2 17 4 x 10 32 0-72 
1:3 17 4 12 12 25 0-70 
15 17 4 12 9 31 0-79 
1-5 37 2 15 — 38 1-70 
1-2 37 3 12 —_— 41 1-72 
Rabbit 76 17 4 3 6 47 0-24 
8-2 18 6 l 5 45 0-12 
8-2 18 s 3 75 34 0-12 
10-4 18 4 3 55 31 0-29 
5-3 19 3 6 8-5 32 0-32 
Dog 120 17-5 7 12 4 51 0-12 


complete the experiment, when the rate constant ‘b’ for rats’ ganglia was 
1-7 hr instead of 0-7 hr. Although a steady state was more rapidly 
attained, the fraction of the total K which exchanged did not appear to be 
increased. At 12-5° C ‘b’ becomes 0-42 hr-*. These values would correspond 
to an activation energy for the process of K transfer of about 10,000 cal/mole. 
Similar activation energies have been obtained by Raker, Taylor, Wheeler & 
Hastings (1950) and Solomon (1952) for K entry into erythrocytes. 

Further evidence in support of the finding that some of the tissue K fails 
to exchange with the K of a saline medium is given by measuring the rate of 
efflux of “K when the ganglion is transferred to a non-radioactive medium. 
Table 3 shows values for various ganglia of the lower rate constant (‘b’) 
which governs the efflux of “K once the fast-moving fraction has left the 
tissue. It will be seen that the agreement between these values and those 
given in Table 2 is excellent. It might be argued that the apparent equilibrium 
during the soaking-in phase of the experiment is a result of a balance being 
struck between the influx of the isotope and an efflux of ganglion K so high 
that the lower specific activity of the cellular K was compensated by the 


> 
a 
4 
4 
> 


CATIONS IN GANGLIA 633 


} greater total efflux. This situation has been described for nerve by Keynes 
(1951). However, it would require in our experiments that the efflux should be 
so much higher than the influx that a net loss of 15°, of the total K per hour 
would occur. As in fact the greatest rate of net loss of K which has been 
observed is only 3% per hour, the rate constants which have been determined 
for “K exchange cannot apply to the total tissue K. That the equilibrium is 
not due to a gradual decrease in the rate of influx of K has been shown by 
an experiment in which one of a pair of ganglia was incubated for 34 hr in 
non-radioactive medium and then transferred to the radioactive solution. 
The rate of K influx and the degree of exchange of the tissue K was the same 
in this ganglion as in the other which was exposed to the radioactive medium 
from the beginning. 
TaB_LE 3. Rate constants for K efflux 

Average values of ‘k’ at 17° C for the equation - d*K/dt—k *K, where *K is the concentration 

of radioactive K in the tissue. Number of determinations in parentheses. 


Animal *k’ (hr) 
Rat 0-68 (7) 
Rabbit 0-23 (3 
Cat 0-17 (1) 
Dog 0-13 (1) 
3 Incubation in isotonic K phosphate 


If a ganglion which has been incubated in saline medium with “K until the 
radioactivity of the tissue has reached a steady state is then transferred to 
an isotonic solution of radioactive K phosphate, there is a further rise in 
} the activity of the tissue until a new steady state is reached after 30-60 min 
(Fig. 2). This new level of activity corresponds to complete exchange of the 
tissue K, as shown in Table 4. As in frog muscle (Harris, 1952), some net gain 
of K has probably occurred as a result of the K phosphate, and the analytical 
levels determined at the end of the experiment are somewhat higher than 

_ normal, Thus the degrees of exchange attained after exposure to the saline 
| - medium but before exposure to the phosphate which have been calculated 
from these values may be too low. 


Na efflux 

Incubation of ganglia in saline medium containing **Na as a tracer results 
in a rapid, very large increase in the radioactivity of the tissue. The amount of 
| isotope which is taken up corresponds to complete exchange of the analytically 

determined Na, 91 +424 pequiv/g (s.p., six determinations) calculated from 

*Na uptake, compared with 81 + 14 wequiv/g found in fresh tissue (Table 1). 

Since the Na of the extracellulat space takes part in this exchange, the 

inaccuracies introduced by washing have made measurements of the rate of 
- uptake of Na impracticable. However, the rate of efflux of tracer to an 
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Time (hr) 


Fig. 2. Effect of incubation in isotonic K phosphate. Rabbit ganglion, temperature 19°C. _ 
The ganglion was incubated for 4 hr in radioactive saline medium, and then transferred to 
the K phosphate. | 


Taste 4. Effect of incubation in isotonic K phosphate solution 


Final Exchange Time of Exchange 

ue saline, saline phospha 

Animal (pequiv K/g) of woe RJ (hr) of analysis 
Rat 72 36 5 101 
94 37 3 100 
113 42 4 97 
Rabbit 113 3 4 104 


inactive solution has been determined, since here there is no necessity to wash 
the tissue before counting (see Methods). Fig. 3 illustrates the curves obtained 
for Na efflux for ganglia of rats and rabbits. 

The shapes of these curves admit of two alternative explanations: the efflux 
of Na is either governed by a pure diffusion process with a diffusion constant 
very much less than in free solution, or several different processes with 
unequal time constants are taking place at the same time. If a diffusion 

process is assumed, the values for the diffusion constant which can be cal- 
_ culated from these curves are, for rat ganglia, 0-6 x 10-7 and 1-0 x 10-7 cm®/sec, 
depending whether the ganglion is considered as a sphere or as a cylinder. 
The corresponding values obtained for rabbit ganglia are 2-4x10-’ and 
4-6 x 10-7 cm*/sec respectively, while the value for the diffusion constant of 
Na in free solution is 11-6 x 10-* cm*/sec at 18° C. Thus, even if all the tissue 
Na is considered to be contained in the extracellular space, diffusion of Na 
from the bathing solution into this space is considerably impeded. 
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Fig. 3. Na efflux from ganglia. -e—e, rat ganglion, 17°C. G—<6, rabbit ganglion, 16° C. 


DISCUSSION 


Our results for the time course of K exchange in sympathetic ganglia show 
that a first-order equation does not describe the process, as it would if one 
had to deal with a cell bounded by a membrane setting the limit to the rate 
of movement of the ion. It is not surprising that a structure so complicated 
as the ganglion should behave in a complex way, and it proves difficult to 
say @ priort what model to use to imitate it. The following considerations 
must be taken into account: 

(1) If there is a freely accessible extracellular space, there will be rapid 
movement of those quantities of both Na and K which are dissolved in the 
medium surrounding the cells. It has been shown, however, that the rate of 
Na efflux is only of the order of 1/50th of the rate of diffusion of the ion in 
free solution, and a similar relationship holds for that part of the K which 
undergoes rapid exchange. Thus the extracellular fluid, although of composition 
similar to the bathing solution, may be contained within a system whose 
geometry imposes a diffusion constant less than that expected from the linear 
dimensions of the tissue, making the time course of its equilibration slower 


than might have been expected. 
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(2) The total of Na and K per g of ganglion exceeds the total concentration 
of these ions in the bathing solution. It is necessary to try to decide whether 
some cells contain high concentrations of both Na and K, or whether an 
important degree of adsorption of these ions on the external surfaces of the 
cells takes place. This can only be done by the technique of radio-autography. 

(3) The extent to which the total tissue K will exchange with the K of the 
saline medium which bathes it is of the order of 45% in periods up to 7 hr. 
The major part of this K exchanges with a time course obeying an exponential 
equation, and could represent the rate of penetration of K through a restrictive 
membrane, although the diffusion curve after sufficient time also approaches 
an exponential form. Thus the lack of complete exchange might well be due to 
the limitations imposed by diffusion within the ganglion cells or in the extra- 
cellular space. In this connexion it is to be noted that the time required for 
80°, saturation of a sphere is six times that required for 40°, saturation, so 
that, other things being equal, the larger ganglia of the dog and the rabbit 
would be expected to show a slower exchange of both extracellular and 
intracellular K. However, if the cessation of the exchange process at the 
40-50% level quoted in Table 2 were due to failure of the tissue metabolism, 
it would be a surprising coincidence that all the ganglia examined should fail 
so completely at the same degree of turnover. The effect of K phosphate 
solutions in causing complete exchange might be due to the greatly increased 
number of “K ions diffusing into the tissue, which would thereby increase 
the rate of turnover within the cells, but from the results of the present 
experiments it is impossible to decide finally between permeability into the 
cells and diffusion into the recesses of the ganglion and within the cells them- 
selves as the f limiting the rate and amount of exchange of K. 

A possible ms rr of the fact that only one-half of the total K will 
exchange with the K of saline medium may be found by considering the 
structure of the tissue. If the volume of the cell bodies and of the nerve fibres 
in @ ganglion is approximately the same, then clearly exchange in the latter 
is likely to be more rapid than in the cells themselves. It may be that the 
cells are only very slowly permeable to K, and that the turnover measured in 
these experiments is that of the K of non-cellular components of the tissue. 


SUMMARY 
1. Analyses of freshly excised sympathetic ganglia for their Na, K and Cl 
contents have been carried out. The total base in the tissue is greater than 
that in plasma, and the apparent extracellular space is unusually high 
(50-60 %). | 
2. The exchange of the K of ganglia has been investigated with radioactive 
“K as a tracer. Following a rapid turnover of some 10% of the total K, in 
saline medium a further 35% only exchanges with first-order kinetics. The 
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exchange cah be made complete by subsequent incubation of the tissue in 
isotonic K phosphate solution. 

3. The rate of Na turnover has been followed with radioactive *Na. On 
the assumption that all the Na is contained in the extracellular space, the 
rate of diffusion of this ion into and within the tissue has been calculated to 
be only 1/50th of that in free solution. 


The expenses of this work have been covered by a grant from the Government Grants Committee 


of the Royal Society. 
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POTASSIUM EXCHANGE IN GANGLIA AFTER 
POSTGANGLIONIC NERVE SECTION 


By H. McLENNAN 
From the Department of Biophysics, University College, London 
(Received 20 April 1953) 


Three weeks after section of axons issuing from sympathetic ganglia, trans- 
- mission of impulses through the ganglion on maximal stimulation of the 
preganglionic fibres is abolished, although conduction in the postganglionic 
axons up to the point of section is unimpaired, and ganglionic transmission 
to other postganglionic nerves is also normal (Brown, McLennan & Pascoe, 
1952). The failure of transmission might be due to a permanent depolarization 
of the ganglion cells as a result of the ‘axotomy’, and this in turn might be 
reflected in a change of the potassium turnover of these ganglion cells. 

Potassium exchanges in axotomized ganglia have therefore been investigated 
using radioactive “K as a tracer, and the results compared with those obtained 
on normal ganglia described in the preceding paper (Harris & McLennan, 
1953). It has been found that the potassium exchange in axotomized ganglia 
remains unaltered. | 

METHODS 
The superior cervical ganglia of rate and rabbits have been used, since nearly all their post- 
ganglionic fibres can be readily identified and sectioned without damage to the tissue or its 
vascular supply. Unilateral axotomies were carried out with aseptic precautions, the nerves 
being cut close to the ganglion. The contralateral ganglion served as a control. After allowing 
@ period of 3 weeks for complete degeneration, both ganglia were excised, the capsules removed, 
and the fresh weights determined with a torsion balance. 

The determination of the rates of K influx and efflux has been described in detail in the pre- 
ceding paper. All the incubations were carried out at room temperature, in a saline medium 
containing the appropriate bicarbonate concentration to give pH 7-4 when equilibrated with 
5% CO, at 18° C. K analyses were again performed with a flame photometer. 


RESULTS 
The comparison between normal and axotomized sympathetic ganglia has 
failed to reveal any differences either in the total amount of K contained in 
the tissue or in the rate and extent of its turnover. One consideration must, 
however, be made: comparison of the fresh weights of eleven pairs of normal 
ganglia from both rats and rabbits has shown that the weights of two ganglia 
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from the same animal agree within 3°, of each other, whereas an axotomized 
ganglion may weigh as much as 40% more than the control. The discrepancy 
is due to the development of a neuroma of varying size at the point of section, 
_and for this reason calculations have been made for the whole ganglion rather 
than per gram of tissue. Analyses of three pairs of fresh ganglia have given 
values of 0-16, 0-15 (rats) and 0-46 (rabbit) wequiv K per ganglion for the 
axotomized, and 0-10, 0-15 and 0-43 pequiv per ganglion for the corresponding 
controls. 


TaBie 1, Potassium exchanges in normal and axotomized ganglia 
Parameters for the equations for influx and efflux of “*K. aoe 
Influx: *K = 4[1 -exp( - at)) + BU1 -exp( 
Efflux: *K = ~exp( - — exp{ a(t B{1 exp{ -¢,)]}. 
A and B as % of total K; ‘a’ and ‘bd’ in hr-. 


A a B b 
Rat 16 Normal 14 9 46 0-56 
Axotomized 11 12 49 0-66 
Rabbit 17 Normal 6 47 0-22 
Axotomized 10 6 47 0-31 
Rabbit 17-5 Normal —_ — 35 0-31 
Axotomized — — 39 0-24 


The time course of the influx and efflux of K in the axotomized ganglia, 
as in the normal, can best be described by an expression involving two 
exponential terms. Table 1 shows the parameters obtained from the experi- 
mental curves for three pairs of ganglia for the uptake and loss of “K when 
the tissue was incubated in saline medium. Although the agreement between 
the values for the control and the operated ganglion is not particularly good, 
especially in the values for ‘b’, there is no sign of a consistent shift in any 
direction which might indicate that an important alteration has taken place 
as a result of the axotomy. 

The behaviour observed when the tissue was placed in isotonic K phosphate 
solution also did not differ from normal. There was a rapid uptake of labelled K 
until a steady state corresponding to complete exchange of the tissue K was 
reached. 

DISCUSSION 
These results show that in resting axotomized ganglia in vitro the degree and 
time course of the movement of K is the same as in normal ganglia. If it is 
true that a part at least of the K concentration in ganglia is maintained in 
a Donnan equilibrium, as is the case in nerve and muscle, then a reduction 
of the potential difference is likely to increase the rate of efflux of the intra- 


cellular K. It would seem, therefore, unlikely that an axotomized ganglion  — é 


cell can be appreciably depolarized, for if this were so its total K content 
should be considerably diminished and the rate of K efflux increased. 


4 


In the preceding paper the question was discussed whether the measured 


rate constants for K turnover are in fact applicable to the penetration of K 
into the cells. If the slower rate constant ‘b’ merely represented the limitation 
imposed by slow diffusion of K within or without the cells, then ‘b’ would be 
unlikely to show change after axotomy unless great structural changes 
occurred in the tissue, either in the cells or in the extracellular space, and no 
such changes have been observed histologically (Sternschein, 1920). 


SUMMARY 
The K contents, and the rates of K exchange, have been determined in 
sympathetic ganglia after section of the postganglionic axons. No differences 
between normal and axotomized ganglia have been found. 


The expenses of this work have been covered by a grant from the Government Grants Com- 
mittee of the Royal Society. 
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Marrow culture studies of maturing and inhibiting factors con- 
cerned in normoblastic and megaloblastic erythropoiesis. By 
E. V, Cox. Department of Medicine, King’s College, Newcastle upon Tyne 


The technique is Lajtha’s elaboration of Osgood & Brownlee’s method (Lajtha, 
1952). Human bone marrow is aspirated from the sternum and suspended in 
heparinized (concentration of heparin less than 1 in 20,000) physiological 
saline so that it contains between 10,000 and 50,000 nucleated cells per mm’. 
The larger marrow particles are broken down by repeated aspiration through 
a large-bore needle using an all-glass syringe. Aliquots of this suspension are 
then injected into serum bottles containing various culture media. These 
procedures are carried out aseptically, and after incubation at 37° C for 20 to 
30 hr the cultures are tested for sterility. 

Films made from each marrow culture bottle are stained by the usual 
Romanowsky methods. The slides are scrambled and the erythroblasts are 
then differentiated into four groups depending on their maturity. In all, six 
groups of 100 nucleated red cells are differentiated from each culture bottle, 
and this has been found to give an index of the maturing or inhibiting effect 
of various culture media. 

This technique has been used to demonstrate an inhibiting factor in per- 
nicious anaemia (P.A.) serum. Lajtha (1950) and Thompson (1950) showed 
that diluting P.a. serum with physiological saline increased its maturing effect 
on megaloblastic marrow. This fact, which has been confirmed, cannot be 
explained on a deficiency basis. 

P.A. Serum was divided into protein and non-protein fractions by ultra- 
filtration. Ultrafiltration was carried out by negative pressure through a 
cellophane tube supported by a nylon bag. The protein residue was recon- 
stituted to its original volume with physiological saline. Both this and the 
ultrafiltrate were sterilized by passage through a sintered glass filter. The 
inhibiting substance was usually in the non-protein fraction. The protein 
fraction, rid of this inhibitor by ultrafiltration, had maturing qualities. 
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Apparatus for the in vitro study of intestinal absorption. By 
D. H. Smyru and B. C. Water. Department of Physiology, University 
of Sheffield 

Fisher & Parsons (1949) described a technique for the study of absorption 
from intestinal loops in vitro. An improved method for this was described by 
Wiseman (1953). This had the advantage of enabling much smaller quantities 
of solutions to be used and also of eliminating the high 
hydrostatic pressure inside the intestine and the consequent 
large movement of water. The apparatus described here is 
a modification of Wiseman’s, in which (1) the method of 
oxygenation of the fluid inside the intestine is probably 
improved, (2) the rate of circulation inside the intestine 
can be controlled by direct observation, (3) the apparatus 
can be used for collection of metabolic CO, or in a closed 
circuit. 

The apparatus is illustrated in the diagram, which for 
the sake of clarity shows only one loop of intestine instead 
of the three normally used, The gas (oxygen or 5% CO, in 
oxygen) entering by the inlet A acts as a lift to raise the 
fluid coming from the lower end of the intestine back to the 
reservoir. This gas escapes by the outlet B. The efficiency of 
the circulation of fluid can readily be seen by the fluid 
dropping from £. For oxygenation of the outer fluid, gas 
enters by inlet C and escapes by D. The openings of B and 
D can be used for taking samples of the inner or outer 
fluids for analysis. The whole apparatus is immersed in an 
641] outer water-jacket (not shown here) through which water 
at 37° is circulated. The openings A, B, C and D are provided with ground- 
glass joints and can be readily connected in a closed circuit or to a CO, absorber. 
Using this apparatus the Q,o, of the surviving intestine in a glucose-phosphate 
saline medium gassed with O, was usually 8-13yl./mg dry wt./hr.As a further 
example of the use of the technique we give the results of experiments in which 
pu-*C-carboxyl-labelled amino-acids were introduced into the inner fluid. In 
addition to whatever transfer of the amino-acid took place, some decarboxyla- 
tion also occurred as shown by the presence of “Cin the metabolic CO,. In the 
case of alanine and glutamic acid this labelled CO, indicated a decarboxylation 
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_ of 8-12% of the total amino-acid (about 520 umole) originally added. Valine 
(690 umole) and leucine (270 wmole) were decarboxylated to a much smaller 
extent, the corresponding figures being 0-3 and 1:8% respectively. 
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A technique for the simultaneous investigation of secretion and 


motility in gastric pouches in dogs. By Pamexa A. BursTaLi 
and B. ScHorreLp 


The preparation of pyloric gastric pouches in pigs as a source 
of Castle’s intrinsic factor. By Pamexa A. Bursrtatt, E. V. Cox, 
J. G. Rosson, D.C. Ross, B. and C. C. Unatey. Departments 
of Anaesthetics, Medicine and Physiology, King’s College, Newcastle upon 
Tyne 3 

In the pig’s stomach Castle’s intrinsic factor is present in the mucosa of the 

pyloric region but not in the fundus (Ungley & Moffett, 1936). Secretion from 

pyloric pouches provided an additional source of material in studies on 

intrinsic factor by paper electrophoresis of human gastric juice (Latner, 

Ungley, Cox, McEvoy-Bowe & Raine, 1953). 

Young pigs of 15-20 kg weight were anaesthetized with pentobarbitone 
sodium, injected in 5 °%, solution into an ear vein until reflexes in the legs were 
abolished. Approximately 25 mg/kg were required. 1 mg atropine sulphate 
was injected into the same vein before the needle was withdrawn. With the 
animal on its left side a cuffed endotracheal tube (Magill no. 10 or 12) was 
passed under direct vision through a large Forreger laryngoscope, and anaes- 
thesia continued in a light plane by cyclopropane and Q, in a to-and-fro closed 
circuit with a Water’s CO, absorption cannister. Anaesthesia was deepened 
with ether as required and has been maintained for 7 hr by this method. 

The pyloric antrum was separated from the rest of the stomach by a trans- 
verse incision and closed to form the pouch. At the duodenal end the division 
was in two cases at the level of the pylorus. The muscle layer of the wall is very 
thick in this situation, and the closure is further complicated by the presence 
of numerous blood vessels and the projection of the torus pyloricus into the 
pylorus from the lesser curvature. The procedure is simpler and the blood 
supply of the pouch better preserved if the duodenum is divided 3-4 cm below 
the pylorus. In this case, however, the bile duct must be transplanted or the 
duct tied and a cholecystjejunostomy performed, for in the pig this duct opens 


just beyond the pylorus. The pancreatic duct enters the duodenum — 
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several centimetres farther down. The latter procedure has been carried out in 
one pig without ill effects. The stomach remnant was anastomosed end to side 
with the jejunum, the opening being reduced to about 5 cm in length. 

The pouch was drained by a permanent plastic cannula of ‘Alkathene’. It 
was made from tube of 12 mm outside diameter and had a fine thread along its 
whole length of 8-10 cm. Within the pouch was an internal flange, and a 
fenestrated flange lay between the pouch and the parietal peritoneum, 
sutured to both pouch and body wall with nylon to prevent rotation of the 
cannula (see figure). The cannula was placed in the greater curvature end of 
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the cephalic pouch closure and brought out as far into the flank on the left side 
as possible. An outer flange was screwed temporarily on to the cannula and 
several turns of gauze bandage wrapped round the cannula stem between this 
flange and the skin. This helped to keep the fenestrated flange in close apposi- 
tion to the parietal peritoneum and eased the strain on the nylon sutures. The 
outer flange and bandage were removed 7-10 days after operation. 

The animals have been kept at King’s College Farm. Secretion was collected 
continuously in a rubber bag attached directly to the cannula. The bags were 
emptied twice daily. To protect the cannula and bag the animals wore a stout 
canvas jacket with a strong fibre dome fixed to it over the cannula site. The 
daily output of juice was 150-300 ml. Although the bags were sterilized daily, 
the pouches containing only pyloric mucosa soon became infected on this 
régime, possibly because the juice was slightly alkaline. Enough fundic 
mucosa was therefore included to produce an acid juice. The intrinsic factor 
activity of the juice was demonstrated by clinical trial in patients with 


pernicious anaemia. 


We are grateful to Prof. R. W. Wheldon and Messrs J. 8. Hall and J. E. Duckworth of the 
Department of Agriculture, King’s College, for maintenance of the pigs, and to Mr J. E. Rogers, 
of the Department of Surgery, for making the cannulae. 
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The method of Graham, Lowry & Harris for estimation of 


histamine. By V. R. Picxizs. Department of Physiology, The Medical 
School, King’s College, Newcastle upon Tyne 


This method is based on the spectrophotometric estimation at 360 my of the 
compound of histamine and dinitrofluorobenzene (DNFB), described by 
McIntire, White & Sproull (1950). It has been published at the present date 
only in the form of a preliminary note (Graham, Lowry & Harris, 1951), but 
supplementary details have been kindly sent by the authors. 
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Fig. 1. A (+———+), reagent blank. B(@——®), product of 2 ug histamine acid phosphate. 
C (O——O), product of 2 ug histamine acid phosphate and 2 ug mepyramine maleate. 
D(x x ), as B, but with excess of the DNFB reagent. A-—D are determined in standard 
silica cells of 2mm depth. Z (A——A), product of 1-5 ug histamine acid phosphate in the 
semi-micro-cells demonstrated. 


With the spectrophotometer available here (Unicam) it has not been possible 
to use the very small volumes into which the coloured compound is con- 
centrated according to the original description; instead, the final extract is 
made with 0-3 ml. 2n-HOCl. In preliminary experiments on simple aqueous 
solutions, the optical density has been measured over a wide range of wave- 
lengths by comparison with the solvent alone in standard silica cells 2 mm in 
depth. Examples are shown in Fig. 1, illustrating the following points: 
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A. The reagent blank has an optical density at 360 mp approximately equal 
to that from 0-1 yg histamine acid phosphate. It has been found that a high 
‘reagent’ component may result from incomplete removal of the ketone from 
the acid in the final stage, although no trace may be visible; and this may be 
detected by the unusually great absorption at 300 my or less. 

B. This curve shows the additional absorption due to the histamine-DFNB 
compound. 

C. Mepyramine gives a compound absorbing strongly around 314 mp, but 
only to a small extent at 360 my. The possibility of using this to determine 
both histamine and mepyramine in the same solution (as in the example 
shown) is being further investigated. 

D. Excess of the dinitrofluorobenzene reagent gives unduly high optical 
density especially at 360 mp and shorter wavelengths. 
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Proto-chemical reactions. The behaviour of membranes as pro- 
todes and the theory of the glass electrode. By W. H. Beck, 
K. Grove Rasmussen and W. F. K. Wynne-Jones. Department of 
Physical Chemistry, King’s College, Newcastle upon Tyne 


In electro-chemical reactions involving the transfer of electrons and in the 
presence of an electronic conductor, an electrostatic potential, which is a redox 
potential of the system, is set up. Typical examples are 
Fet+ = Fe+++ +e, Ag+Cl =AgCl +e. 

We may also write analogous reactions in which a proton is transferred instead 
of an electron. Many years ago Bronsted called attention to the close similarity 
of these systems. Recently it has been suggested by Shedlovsky (1951) that 
we should term such reactions proto-chemical, and he has pointed out that 
where proton conductors are available we may have proto-chemical potentials 
set up. Examples of such proto-chemical reactions are 

H,0+=H,O+p, Bat++2HL=BaL,+2p, 
where the symbol p stands for the proton and L stands for the laurate ion. 
Wherever a protonic conductor is available, the potentials of the systems can 
be determined, and we shall expect to find a dependence upon ion concentra- 
tions exactly analogous to that shown by ordinary electrode systems. The 
main difference is that protonic conductors are usually poor conductors, owing 
probably to the necessity for an activation energy for proton jumps. It is, 
however, known from work recently carried out (Beck & Wynne-Jones, 1952) 
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that the glass electrode behaves as a proton electrode or protode, and we may 
therefore use glass membranes as protodes in conjunction with films of lauric 
acid and barium laurate and other similar substances. In a series of measure- 


ments using the cell 
HL | BaCl, || 1-8n-KCl 
Glas Bal, | soln. 1 
the potential of the protode has been found to vary with the barium-ion 


activity in the way demanded by theory (Fig. 1). This confirms the work of 
Shedlovsky. It is, however, also found that the protode changes its behaviour 
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Fig. 1. The &.m.¥. of cell ons ae 
as a function of the activity of the barium ion. 
© Barium protode I, [) barium protode II, A barium protode II (five days later). 


when it is immersed for long periods in solutions of different electrolytes, and 
it is suggested that this arises from an exchange of ions between the protode 
and the solution. After prolonged periods of immersion, the protode may 
change its character completely, and its potential may vary in the inverse 
direction with the barium-ion activity. The investigation of this type of protode 
is of interest in connexion with membrane potentials in general, and in par- 
ticular throws light on the function of the glass electrode and reinforces the 
conclusions already reached, that the glass electrode is a protode and not an 


electrode depending upon the migration of OH,+ ions as frequently postulated. 
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This type of protode is of special interest in connexion with biological systems 
where ordinary electronic conduction is not possible because no metals are 
present. Nevertheless, in such systems conduction can occur protonically and 
cells of the type we have discussed may, therefore, occur. It was pointed out 
by Shedlovsky that an unsymmetrical membrane can give rise to potential 
differences which may actually increase when the solutions on opposite sides 
of the membrane become the same. The significance of this for potential 
differences in living cells is evident. 
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A method of calculating the respiratory surface area of the lung. 
By J. B. Dueum, E. V. Hutsz, M. W. Ricnarpson and A. E. Youne. 
Department of Pathology) Medical School, King’s College, Newcastle wpon 
Tyne 

In connexion with the calculation of average grain size in granular aggregates, 

Tomkeieff (1945) showed that in a convex three-dimensional figure the average 

linear intercept is equal to four times the volume divided by the surface area. 

It was suggested that this formula might provide a method of calculating 
the reduction in respiratory surface in pulmonary emphysema. With this in 
view Campbell & Tomkeieff (1952) reviewed the theory of linear intercepts, 
and showed that if a number of convex three-dimensional bodies, each of 

volume v and surface area A, are enclosed at random in a unit volume (V), 

and this volume traversed by a number of lines of total length 7, if also L is 


the total length of these lines which is interior to the convex bodies, and N is 
the number of intercepts then 


L Volume of convex bodies 
T Unit volume (A), 


and in the limit — = T 
Therefore, in the limit, the surface area per unit volume is equal to four 
times the number of intercepts divided by the total length of a traverse. It can 
further be shown that there is no necessity for imposing the restriction that 
the bodies should be similar to one another, or that they should be entirely 
enclosed in the unit volume, although it is necessary to postulate that they be 
randomly disposed to one another. Thus in a section of lung itis only necessary 
to count the number of times traversing lines intersect air vesicles, multiply 
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the result by four and divide by the total length of the lines, to arrive at a 
measure of the vesicular surface area per unit volume of the portion of lung 
represented. To do this on a sufficiently large scale an electronic scanning 
machine would seem to be the most convenient instrument. 

An obsolete 35 mm cine projector has been modified so as to pass film strips 
at a speed of 0-2-0-3 mm/sec. Stained sections of lung are mounted on the 
strips, and the moving images are projected through a microscope attachment 
to a screen 4 ft distant, giving a magnification of about 300 diameters. A photo- 
cell multiplier with an aperture not more than 1-5 mm in diameter is mounted 
at the centre of the screen and connected with an enumerator so as to count 
the shadows cast by the vesicle walls as they pass across the aperture. The 
circuit consists of a pentode head amplifier and a Schmidt trigger feeding 
a Dekatron, using d.c. couplings from the photocell. The sections of lung are 
passed backwards and forwards through the projector, the microscope being 
moved before each excursion so as to follow a succession of parallel tracks 
0:02-0:05 mm apart covering the whole section. A second photo-electric 
mechanism records the length of the tracks, and this is fitted with dual 
recorders, one of which, together with the intercept enumerator, can be 
switched off whilst the tracks are crossing bronchi, blood vessels or other 
connective tissue structures. Thus a measure not only of the surface area of 
the vesicular tissue is obtained, but also of the proportion of vesicular tissue 
to bronchi and blood vessels. 7 

Lungs to be investigated are prepared by gentle perfusion with formol- 
saline through the bronchi at a pressure of not more than 90 cm water so as 
to distend them to a degree comparable with their state in life. After hardening 
for several weeks in formalin they are sliced vertically in such a way as to 
provide in each case a complete section extending from apex to base and from 
hilum to mid-axillary line, including the larger vessels and bronchi at the 
hilum. This section is divided into blocks measuring roughly 2 x 5 x 1 cm, and 
these are stained in bulk to a dense black with haematoxylin and ferric 
chloride. They are then embedded in gelatin and sectioned by the freezing 
method, the sections being mounted on the film strips and covered by a quick- 
drying varnish. 

Calculations of respiratory area up to now have varied with the efficiency 
of the photo-electric recording system, which is still in the experimental stage 
of development, and with differences in the quality and staining of the sections, 
but it. seems likely that a standard of technique can be attained which will 
give reliable information. The results are affected by the degree of distension 
of the lungs, the thickness of the sections, and the speed and discrimination 
of the photocell circuit. Calculations up to date indicate that in one sample 
_ of the right lung from a rat, the respiratory surface averaged about 34 mm? 
mm*, so that in the total lung volume of 4700 mm, about 87% of which 


reg 

4 

t 

i 


10P PROCEEDINGS OF THE PHYSIOLOGICAL 


was composed of vesicular tissue, the total respiratory surface would be in the 
region of 1400 cm*. In cat lung, only two samples of which have been 
measured, the average surface area seems to be about 25 mm*/mm’*, and 
in human lung, which varies considerably with age, results on the limited 
samples examined suggest that the average surface area ranges from 20 down 
to 15 mm*/mm! or less. 
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Visual responses in the locust. By E. T. Burtt and W. T. Carron. 
Departments of Zoology and Physiology, King’s College, Newcastle upon 
Tyne 

Action potentials may be detected in the ventral nerve cord of the locust, in 
response to switching on or off the general illumination, and also to movement 
of illuminated objects in the visual field of the compound eye (Burtt & Catton, 
1952). By covering the compound eyes with an opaque material it is found 
that responses of a different character may be detected, which have been 
shown to arise from the ocelli (simple eyes). These responses differ from those 
arising from the compound eyes in the following ways: (a) the action potentials 
are of lesser amplitude and longer time duration, (b) they arise only as a result 
of switching off the light (pure off-receptors), (c) they are not elicited by move- 
ment of illuminated objects. Both types of response will be demonstrated. 


REFERENCE 
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An apparatus for the determination of interfacial tension. By 
C. M. Dowss and J. A. SaunpErs. Department of Physiology, Medical 
School, King’s College, Newcastle wpon Tyne 

The apparatus (Fig. 1) consists of a U-tube with limbs of precision bore tubing, 

the smaller being connected to a reservoir and a delivery tip. The lower part 

of the U-tube is filled with mercury. The smaller limb is filled with a watery 
liquid (liquid 3) from the reservoir and the reservoir tap closed. The addition 
of water to the larger limb will then cause delivery of a known amount of 

liquid 3 from the tip. If the tip, of known diameter, is immersed in oil (liquid 4), 

and if the volume in ml. (V,) of water added to the large limb in order to 

produce delivery of one drop of liquid 3 be measured, then the interfacial 
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tension in dyne/cm (1.7.) can be calculated from equation (1), when p, and Pa 
are the densities of liquids 3 and 4 respectively, F, the ratio water added/ 
liquid 3 delivered (as previously derived, Saunders, 1946), and F, a function 
of the size of drop and radius (r) of the delivery tip (Harkins & Brown, 1919) 
1.T. = (py—p,) 9 V,.F,/F,r. (1) 
Determinations can be made at 37° C by immersing the vessel containing 

_ the oil in a water-bath and surrounding the delivery arm by a condenser. 


Fig. 1. An apparatus for the determination of interfacial tension. 


Two sizes of apparatus are to be shown, one in which 1.T.~V, and a second 
_ in which 1.7.~0-14xV,. The reliability of the two apparatuses has been 
tested by measuring the surface tension of water at 18° C when mean values 
+ s.E. (no observations) of 73-0 + 0-5 dyne/cm (11) and 72-3 + 0-2 dyne/cm (3) 
were found compared with the published value of 73-05 dyne/cm (International 
Critical Tables, 1928). Interfacial tension of water/isobutyl alcohol at 17° C 
_ was found to be 1-80+0-04 dyne/cm (13) and 1-9540-03 dyne/cm (6). The 
_ value given by Silbereisen (1929) is 1-8 dyne/cm. 
The apparatus has been used for determinations with biological material. 
_ Phosphate buffer pH 7-0 gives an 1.7. with olive oil of 14-2 dyne/cm at 18° C 
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and 12-7 dyne/om at 37°. Bile ‘salt (sodium ~tauroglycocholate, B.D.H.) 
dissolved in the buffer solution (1 g/l.) gives an 1.7. with olive oil of 5-1 dyne/ 
cm at 37°C. This is reduced to 4-1 dyne/cm with 10 g bile salt per litre. 
Mono-olein added to the oil (1 g/100 g) gives an 1.1. of <0-2 —— with 
buffer at 37° C. 


We are grateful to the Medical Research Council for a grant for scientific assistance. 
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Leucocytes in saliva. By G. N. Jenxus and D. E. Wricut. Department 
of Physiology, Medical School, King’s College, Newcastle upon Tyne 


A study has been made of leucocytes in human saliva. The samples have been 
collected either as ‘spontaneous samples’ in which the salivary contents of 
the mouth were emptied into a vessel, or by stimulating the secretion by the 
chewing of approximately 1 cm* of paraffin wax (m.p. 49° C). The stimulated 
saliva has been collected for single 5 min periods or for five successive 2 min 
periods. These collections have been made both with and without preceding 
periods of tooth brushing and mouth rinsing. 

After thorough mixing, the specimens were examired on a a artcmnaten 
slide under the phase-contrast microscope. The leucocytes were classified under 
two headings: (i) those in a well-preserved condition—reéferred to as ‘intact’ 
cells—and (ii) those in varying stages of disintegration. The sum of these two 
groups represents the ‘total’ leucocyte count. 

Counts were made of ‘intact’ and ‘total’ leucocytes in saliva samples 
obtained from one group of subjects who were free from dental caries and from 
another group who were caries-active. Although the number of ‘total’ 
leucocytes in the two groups was similar, the number of ‘intact’ cells was 
significantly greater in the samples from the caries-free subjects—this observa- 
tion being independent of the method of collection. 

The significance of this difference in the cellular content of the saliva from 

caries-free and caries-active subjects is being investigated. 


Kittens reared on an ‘ artificial ’ diet in the laboratory. By 
J. A. Saunpers, Department of Physiology, Medical School, King’s College, 
Newcastle wpon Tyne 

Two litters of kittens born on 23 August and on 3 November 1952 which have 

been reared on an artificial diet in the laboratory are to be shown. The kittens 

were removed from their mother 6 weeks after birth, kept for 2 weeks on a 
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meat/milk/fish diet, the first week together and the second week in separate 
cages. 
The animals were then given a diet consisting of 25 g casein (B.D.H, light 
white), 125 g rat cubes powdered, 250 g steamed potatoes mashed and 50 ml. 
choline solution (0-75 g choline chloride/l.). The casein and powdered rat cubes 
were first ground together, and then the potato and choline solution mixed 


- until the whole formed a stiff paste. The food was offered at 2 p.m. and the dish 


withdrawn at 9 a.m. on the following day. The amount offered was adjusted 
so that at least 10 g remained each day. Water was given ad lib. Each animal 
was given 1 ml. cod-liver oil per day. 

The first litter (four kittens, weights 545, 590, 550, 590 g) was kept on this 
diet for 5 weeks, and the mean gain in weight per cat per week (+8.£.) was 
69-5 + 10-5 gs They were each given 1 oz. cooked liver 1 day per week in addition 
to the basal diet for 5 weeks, when the mean weight gain was 64-0 + 10-5 g. The 
animals were fed for6 weeks on the basal diet with 25 g oil (20 olive oil, 5 g cod- 
liver oil) incorporated when the mean weight gain was 64-0 + 14-9 g. The animals 
then weighed 1650, 1510, 1570, 1740 g. The average daily food consumption 
per kitten increased from 58 g in the first week to 140 g in the 16th week. 

The second litter (three kittens, weights 590, 555, 700g) was born in the 
laboratory and kept for 6 weeks on the basal diet, the mean weight gain being 
48-3+6-4 g. The weights were then 1000, 780, 990g. The average daily food 
consumption per kitten increased from 67 g in the first week to 99 g in the 


6th week. 


All the kittens appear to have been in good condition throughout. One 
animal from the first litter ate very little food for 7 days, but had no increased 
temperature nor any other sign of illness. It started feeding normally without 
treatment. 7 


Another clinical instrument for the recording of systolic and 
diastolic pressure continuously. By L. Motynevx and E. A. Pasx 


A clinical pneumotachograph and volume integrator using mainly 
standard equipment. By L. Motynevx and E. A.-Pask © 


Studies on the separation of Castle’s intrinsic factor. By Eric V. Cox, 
A. L. Layer, E. McEvoy-Bowsz, Ratne and C. C. Unetey 


_ Automatic caminge withdrawal device for constant rate arterial 


and cerebral venous blood sampling during the determination 
of cerebral blood flow by the nitrous oxide method. - H. A. 
Dewar and 8. G. OWEN 
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Reappearance of renal excretory rhythms after forced disrup- 
tion. By J. N. Muis and 8. Tuomas. Department of Physiology, 
University of Manchester 

The persistence of renal excretory rhythms in the absence of rhythmicity in 

habit or environment (Mills & Stanbury, 1952) could be explained in two ways: 

either it results from some other process with an intrinsic rhythmicity, perhaps 
nervous or hormonal; or it is in Kleitman’s (1949) sense a cycle, that is, each 
phase is the immediate cause of the next, as with the swing of a pendulum. 

In this latter case the rhythm would not immediately reappear if disrupted. 


Night 2 


Night 1 


Night 3 


24 ai 12 18 24 6 12 
Time (hours) 
Fig. 1. Renal output of K during three nights when 180-240 m.equiv were taken, 


and during following 24 hr. 


For each of three consecutive nights the subject consumed 180-240 m.equiv 
of potassium salts, “This so increased his nocturnal excretion of potassium, 
sodium and bicarbonate that their diurnal rhythm disappeared. He then 
spent 24 hr continuously in light laboratory work—except for an hour’s 
involuntary sleep—on a regular hourly intake of 100 ml. water and one biscuit, 
Na content 1-8 m.equiv, K content 0-3 m.equiv. The outputs of sodium, 
potassium (Fig. 1) chloride, bicarbonate, ammonia, phosphate and total acid, 
and the urinary pH and flow, immediately became rhythmic, falling by night 
and rising again next morning except for ammonium and total acid, which 
behaved in the reverse direction. 

It is concluded that the renal tubular handling of these ions is detérmined 
by some other persistent rhythm. 
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Antagonism between lysergic acid diethylamide and 5-hydroxy- 


tryptamine. By J. H. Gavpum. Department of Pharmacology, Uni- 
versity of Edinburgh 


- Lysergic acid diethylamide (LSD) has a powerful action on the brain (Stoll, 


1947). 5-Hydroxytryptamine (HT) has been isolated from natural sources 
(Rapport, 1949), and there is evidence that it is present in some parts of the 
brain (Amin, Crawford & Gaddum, 1952). The molecular structures of these 
two substances are similar; lysergic acid contains tryptamine as part of its 
molecule. This last fact suggested that these two powerful drugs might interact, 
and it has been found that small amounts of LSD do in fact inhibit the action 
of HT on the rat’s uterus. A concentration of 0-6 ug/l. of LSD reduced the 
contraction due to HT (15 yg/l1.), so that after 10 min the dose of HT had to be 
doubled to reproduce the original effect. The pA, (10 min) was thus about 8-7. 
Larger doses of LSD abolished the effect of larger doses of HT without altering 
the response to oxytocin. This effect of LSD continued to increase for at least 
20 min when the drug was continuously in the bath, and disappeared in about 
60 min when the drug was removed. 


REFERENCES 
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Comparison of the absorption capacities of the intestine and 
kidney. By D. H. Smyrs and B.C. WaatEr. Department of Physiology, 
University of Sheffield 

The in vitro intestine preparation described by Wiseman (1953) shows certain 

resemblances to the renal tubules in its absorption capacity, in that it can 

actively absorb glucose and L-amino-acids. The ‘active’ absorption in case of 
the intestine preparation is shown by its capacity to absorb these substances 
against a concentration gradient. The active absorption of glucose by the renal 
tubules is well known, and Crampton & Smyth (1951) have demonstrated that 
in the cat the clearance curve for L-amino-acids resembles that for a substance 
actively absorbed, in contrast to the curve for p-amino-acids. Shannon & 
Fisher (1938) have stressed the dissimilarity of the process of absorption by 
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intestine and renal tubules, and for this reason it is of interest to examine other 
possible resemblances between the in vitro intestine preparation and the renal 
tubules, and in particular to see whether the in vitro intestine preparation 
possesses any activity comparable to secretion by the renal tubules. Four 
substances were selected, two of which (ascorbic acid and phosphate) are known 
to be actively reabsorbed by the renal tubules, and two of which (phenol red 
and p-aminohippuric acid) are known to be actively secreted. Solutions of 
these substances in Krebs’s phosphate saline or bicarbonate saline were placed 
in equal concentration inside and outsidé the intestine using the rat in vitro 
preparation, and the concentrations estimated at intervals up to 1 hr. Simul- 
taneously the concentration of L-alanine, also present initially in equal con- 
centration on the mucosal and serosal sides of the intestine, was measured. 
While the final concentration of t-alanine on the serosal side was twice that 
on the mucosal, thus demonstrating that the preparation was active, no 
transfer of any of the other substances in either direction could be demon- 
strated. The movement of water was very small—about 2-3%—and any 
transfer of substances masked by this water movement must also be very 
small. It is concluded that the similarity in absorption capacity between the 
in vitro intestine preparation and the renal tubules is not a general one, and 
must be assumed only for those substances for which it has been demonstrated, 
i.e. glucose and a number of L-amino-acids. The results suggest that ascorbic 
acid and phosphate are not absorbed from the intestine by a mechanism 
capable of transfer against a concentration gradient. 


Crampton, R. F. & Smyth, D. H. (1951). J. Physiol. 116, 19P. _ 
Shannon, J. A. & Fisher, 8. (1938). Amer. J. Physiol. 122, 763. 
Wiseman, G. (1953). J. Physiol. 120, 63. 


The effects of pyloric antrectomy on the secretory response of 
Heidenhain pouches in dogs to central vagal stimulation. By 
Pame.a A, BursTatt and B. Department of Physiology, 
Medical School, King’s College, Newcastle wpon Tyne 


It has been shown that Heidenhain pouches in dogs will respond to central 
vagal stimulation by a small but definite acid secretion (Burstall & Schofield, 
1953). The most effective stimuli for this purpose are sham feeding and psychic 
stimulation by food showing. The responses to both these stimuli can be 
potentiated by a previous dose of ‘Mechothane’ (urethane of 8-methy] choline 
hydrochloride), and seven Heidenhain pouches tested by food showing with 
this potentiation have all given positive responses. 

There are two possible mechanisms whereby the excitation may be conveyed 
to the pouch: (1) by a few vagal fibres reaching the pouch along the blood 
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- vessels of the greater curvature; (2) by gastrin released from the main stomach 


on vagal stimulation. 


To differentiate between these possibilities the effect on the response of 
removal of the pyloric antrum, which is the main source of gastrin, has been 


- investigated. In four out of five dogs the response has been completely 


abolished by this procedure, and two out of the four have been followed for 
over 5 months after the operation with no sign of its return. Three of the four, 
including these two, have been oesophagostomized and tested by sham feeding 
as well as by food showing. In the remaining animal the response was not 


» abolished, but it was found post-mortem that the antrectomy was incomplete. 


There is no evidence of an overall reduction in excitability of the Heidenhain 
pouch following antrectomy. Langlois & Grossman (1950) found no reduction 


_ in the response to histamine after this procedure, and this has been investigated 


and confirmed in two of the animals in which the psychic response was totally 
abolished. These four animals all showed a marked reduction in the acid 
response to “Mechothane’, the mean output after antrectomy being about 
one-third of that produced before. This is in general agreement with Langlois 
& Grossman (1950), who found a reduction to about one-fifth. The mean 
pepsin response to ‘Mechothane’ was unchanged in two out of the four and 
halved in the other two. 

These observations are in agreement with the claim of Langlois & Grossman 
(1950) that the acid response to ‘Mechothane’ is largely mediated by gastrin 


~~ release. They provide little support for the view that the pepsin response to 


‘Mechothane’ is similarly dependent on a hormonal mechanism. They strongly 
support the possibility that the vagal innervation releases small quantities of 
gastrin from the pyloric antrum and it seems possible that this may normally 


=e act synergistically with the direct vagal innervation of the parietal cell. - 


This work has been aided by a grant from the Medical Research Council. 
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Eosinophilic cells in the intestinal mucosa and submucosa. By 
W. T. Carron. Department of Physiology, Medical School, King’s College, 
Newcastle upon Tyne 

In certain fishes, stages of migration of eosinophilic leucocytes from the 

intestinal submucosa to the surface of the mucosa have been described 

(Duthie, 1939; Catton, 1951). At the surface the cell undergoes a transforma- 

tion, the granules becoming elongated and club-shaped and forming a — 
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converging at the surface. In the frog and cat intestine, eosinophilic cells have 
been observed in the submucosa and also lying within the mucosa. In the cat 
the cells are largely concentrated at the mouths of the crypts and bases of the 
villi. In the cells observed in the mucosa the granules are grossly enlarged, 
but do not show the transformation seen in the fish intestine. In this condition 
the cells resemble those described by Duran-Jorda (1943). They can be clearly 
distinguished from Paneth cells, and from the blood eosinophils. By analogy 
with the behaviour of the fish eosinophils it is suggested that the enlargement 
of the granules is preparatory to final dissolution and release of their contents 
into the mucosa or intestinal lumen. 
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Changes of cell sodium in response to administration of hypotonic 
saline in normal and adrenalectomized rats. By D. F. Coiz.* 
Department of Medicine, Medical School, King’s College, Newcastle upon 
T'yne 

After a known quantity of sodium chloride hes been administered to an animal, 

the amounts of sodium and chloride retained after a short period depend only 

on the amounts excreted in the urine, if the losses in sweat and faeces are 
disregarded. When sodium and chloride are thus given together the retained 

chloride is distributed almost entirely in the extracellular space (Fenn, 1936; 

Harrison, Darrow & Yannet, 1936; Hastings & EHichelberger, 1937). The 

amount of retained sodium which is located in the extracellular space may 

then be estimated from the chloride retention, the ratios of sodium to chloride 
in plasma before and after the experiment, and the amount of chloride 
initially present in the extracellular fluid. Estimations of the extracellular 
space with thiocyanate in some of the animals used in these experiments gave 

a value of 24-1 + 2-0 ml./100 g body weight, and this figure was used through- 

out for the estimation of the initial extracellular chloride. The amount of 

sodium retained or lost in excess of that in the chloride space affords an 
estimate of the amount lost or gained by cells. This quantity is referred to as 

‘cell sodium’ or Cy,, although some may be located in bone and connective 

tissue. 

In these experiments changes of Cy, observed 5 hr after administration of 
hypotonic saline (a total of 15 ml, made up of 7 ml. water by stomach tube and 
8 ml. of 144 mm-NaCl intraperitoneally) were investigated in normal rats and 

* 1.0.1. Research Fellow. 
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_ adrenalectomized rats, some of the latter having been treated with deoxy- 


corticosterone acetate (0-4 mg per diem of solution in arachis oil). 

There was a fall of Cy, in all adrenalectomized animals, whether or not they 
were treated with deoxycorticosterone. No such fall was observed in the 
control animals. No significant fall of Cy, was observed in intact, sodium 
depleted, animals. On direct analysis of skeletal muscle from some of these 
animals it was found that, in those which were adrenalectomized, more sodium 
was lost than was accounted for by alterations of extracellular sodium con- 
centration. There was no increase of tissue chloride. In some cases the sucrose 
space in skeletal muscle was estimated, after the animals had been given 
sucrose intraperitoneally, and the extracellular sodium calculated therefrom. 
The results were precisely similar to those where the extracellular sodium 
was calculated from the chloride space. This finding supports the conclusions 
about sodium distribution drawn from estimation of Cy, as indicated above. 
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The use of the cholecystokinetic agent in preparations of 
pancreozymin to study gall bladder function in man. By 
P. R. Duncan, D. G. Evans, A. A. Harper, H. T. Howat, 8. OLzzsxy, 
J. E. Scorr and H. Varitey. Department of Physiology, Medical School, 
King’s College, Newcastle upon Tyne ; Department of Physiology, University 
of Manchester and Manchester Royal Infirmary 


Extracts of pancreozymin prepated from the mucosa of the upper small 
intestine, by the method of Crick, Harper & Raper (1950), produce contraction 
of the gall bladder in chloralosed cats, an effect which may be due to the 
presence of an agent similar to or identical with cholecystokinin (Ivy & 
Oldberg, 1928). Secretin and pancreozymin, prepared by this method, have 
been given intravenously to human subjects and the effect on the gall bladder 
observed. Both preparations were sterilized by filtration and freeze dried. 
All batches were found to have no toxic effects on mice, and produced no 
anaphylactic reactions in guinea pigs. 

Cholecystography. After visualization of the gall bladder by contrast 
radiography, pancreozymin (2-0-2:5 mg/kg body weight) was injected intra- 
venously. The normal gall bladder contracted within 3-5 min; maximal con- 
traction was present 8-12 min after a single injection. 

Duodenal intubation. The duodenal contents were collected quantitatively 
by continuous aspiration with tubes sited in the duodenum and stomach under 
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fluoroscopic control. After two control periods of 10 min each, secretin 
(0-32-0°6 mg/kg body weight) was given intravenously. Three 10 min samples 
were collected and then pancreozymin (2-0-2-5 mg/kg) was injected. Collection 
was continued for a further 30 min in three 10 min fractions. The volume and 
concentration of bilirubin and alkaline phosphatase were estimated in the 
samples. 

When the gall bladder was normal the bilirubin concentration fell to low 
values following secretin, a response which was described by Agren & Lagerlif 
(1937). After pancreozymin the volume of the duodenal contents increased 
and the bile content of samples was greatly raised, which indicated that the 
gall bladder had contracted. In patients in whom the gall bladder had been 
removed or the gall bladder impaired by disease, the characteristic fall after 
secretin and rise after pancreozymin was not seen. 
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The pepsin-stimulating effects of gastric and intestinal extracts 
in cats. By E. L. Buarm,* A. A. Harper and H. J. Lake. Department 
of Physiology, Medical School, King’s College, Newcastle upon Tyne 


Gastrin preparations described in recent years appear to stimulate only acid 
secretion. Since it is stated that there is an appreciable pepsin concentration 
in the chemical phase of gastric secretion, the possibility that there might be 
@ pepsin stimulant in gastric and intestinal extracts has been investigated. 
The experiments were done on cats anaesthetized with chloralose or chloralose- 
urethane. The splanchnic nerves were cut, and the animals either vagotomized 
or atropinized. The stomach was intubated via the oesophagus, the pylorus 
occluded and the pancreatic duct cannulated. The stomach was washed out 
every 15 min with 25 ml. n/200-HCl, and pancreatic secretion maintained by 
secretin. Pepsin was measured by Hunt’s, and amylase by Nerby’s method. 
All extracts were injected intravenously. Since acid stimulants may increase 
the pepsin content of gastric samples by washing preformed pepsin from the 


tained increase in pepsin output and/or be obtained free from an acid stimulant. 
It has been found that crude acid extracts of pig upper intestinal mucosa 
produced a secretion of pancreatic juice with a high amylase content, and also 


the amylase content of the pancreatic juice, stimulated pepsin secretion and 
had a slight stimulant action on acid secretion. 
| * M.R.C. student for training in research methods. 


glands, the criteria of a pepsin stimulant were that it should produce a sus-_ 


stimulated acid and pepsin secretion. Pancreozymin extracts, besides increasing 
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_. By a modification of the method of gastrin preparation described by Jorpes, 
Jalling & Mutt (1952), extracts of pig antral mucosa have been prepared which 
do not affect the volume or enzyme content of pancreatic juice, have little 
effect on acid secretion, but stimulate pepsin secretion. Extracts of body 
_ mucosa by this method have similar effects, but the concentration of active 
material appears to be much less than in antral mucosa. Extracts of the 
mucosa of the lower part of the small intestine by the method for preparing 
pancreozymin have no effect on the pancreas or stomach. The pepsin-stimulating 
activity of the antral extracts is destroyed by digestion with pepsin. The active 
material dialyses only very slowly through a cellophane membrane. 
_  Pancreozymin preparations in addition to their stimulant effects on pan- 
creatic enzymes and pepsin, have been shown to contain a gall-bladder 
stimulant—probably cholecystokinin. Since pancreozymin has been prepared 
free of cholecystokinin (Greengard, Grossman, Woolley & Ivy, 1944), and 
_ extracts of antral mucosa which stimulate pepsin secretion have no effect on 
- the pancreas, it seems probable that these three effects are due to different 
_ materials present in the intestinal extracts. It is suggested that an appropriate 
_ name for the pepsin stimulant in extracts of gastric and upper intestinal 
_ mucosa would be gastrozymin. 
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_ Distribution of fluorine in human enamel. By G. N. Jenxrns and 
; R. L. Spzrs. Department of Physiology, Medical School, King’s College, 
Newcastle upon Tyne 

_ One of the theories suggested to explain the anti-caries action of waterborne 
_ fluorine is that fluorosed dental tissues exert an antibacterial action. The work 
_ of Bibby, Volker & Van Kesteren (1942) has been interpreted to support such 
_ a theory. Solid fluorosed material might act antibacterially if fluorine were 
_ withdrawn from the enamel surface to build up sufficiently high concentrations 
in the dental plaque to reduce bacterial growth and metabolism. If this were 
so the fluorine concentration would be lower on the surface than in the deeper 
_ parts of the enamel. The present study was designed to investigate this point. 
Batches of twenty-five extracted teeth were used for each of the seven 
estimations. The sound areas of the crowns were exposed to acetic acid buffer 
: at pH 4-0, until an average of 1 mg enamel was dissolved from each tooth, as 
_ shown by P estimations. Three of the batches of teeth were then ground and 
enamel and dentine separated by the flotation method of Manly & Hodge 
(1987). The fluorine contents of surface and of powdered enamel from the 
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deeper layers were separately determined by the method of McClure (1939) 
The results are given in Table 1, and show that the F concentration in the 
surface enamel is greater than that in the interior and also that the difference 
is independent of the age of the subjects. 


Taste 1. F content of surface and interior enamel of permanent teeth 


F in water % ¥ 
Source (p.p.m.) "Surface Interior (av.) 
West Hartlepool 20 0-113 0-027 
0-131 
0-180 — 
- South Shields 1-4 0-096 0-011 
North Shields <0-25 0-058t 0-008 
| 0-064 — 
0-055t 


* Weaver (1950). Average age 14 years. t Average age 59 years. 


That fluorine is concentrated in the superficial parts of the enamel might | 


be due either to the adsorption of F from fluorine-containing foods or drinking 
water, or to some inborn effects brought about during calcification. To test this 
point, the F concentration in the surface enamel of a batch of sixteen unerupted 
teeth has been determined. The F contents of the enamel in two successive 
washings were 0-078 and 0-054 °%. This implies that the high concentration of 
F in the surface enamel is laid down during calcification and not after eruption. 
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Factor analysis of haematological changes in heavy muscular 
work, By M. J. Karvonen 


Some observations on the effect of pituitary fractions containing 
ACTH and intermedin on adrenaline hyperglycaemia in 
rabbits. By J. A. Locx and A. M. Woops 


Chemoceptors and heart rate. By E. Ne 


Absorption of vitamin B,, in man and animals. By E. V. Cox, 
G. I. M. Ross and C. C. Unetzy 
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_ Experimental nystagmus. By R.C. Browne. Nuffield Department 
— Health, Medical School, King’s College, Newcastle wpon ~ 
(Fi 
It has been said that oscillation of the eyes (nystagmus) may be caused by 
using the retina at levels of illumination below cone threshold (Ferguson, 1943; 
Davson, 1949). In a pilot experiment to test this hypothesis, and to shed light 
upon the cause of the disease coal-miners’ nystagmus, a number of kittens, 
rats and rabbits were placed in complete darkness and observed each week 
with an ophthalmoscope. To start with, none of the animals had oscillating eyes, 
and even after 7 months in the dark none of the rats or rabbits developed them. 
However, four out of six kittens showed rotary oscillations after a period in the 
dark which varied from 4 to 7 weeks. Three of these kittens were 6 weeks old 
_ and one of them was 4 weeks old (Browne, 1951). Of the remaining two kittens, 
one died soon after being placed in the dark and the other after 8 weeks in it. 
The negative results with the rats and rabbits may be related to the absence 
of binocular vision and the relatively small range of eye movements in these 
animals. 

In a second experiment ten kittens were filmed, and then placed in complete 
darkness. Three others were kept as controls under similar conditions but in 
the light. Eight of these kittens developed rotary nystagmus at times which 
__ varied from 6 to 60 weeks, and when placed in the light again they all recovered 
_ in from 1 to 25 weeks. None of the control cats showed any abnormality. In 
every case these eye movements were most noticeable when the animals were 
- looking up. The demonstration film shows these findings. 

A cat’s eye is similar to a man’s in that the retina has both rods for seeing 
_ ‘in the dark’ and cones for seeing at higher intensities of light; but there are 
' proportionately fewer cones and relatively more rods to suit the cat’s nocturnal 
habits, The cat uses both eyes at once, and so strong is its urge towards 
_ binocular vision that, if the extrinsic eye muscles are detached from the eyeball 
and reattached in the wrong places, binocular vision is reinstituted in a few 
days (Walls, 1942). In man, half the fibres in the optic nerves do not cross in 
the chiasma, but in the cat about a third do not. The nocturnal cat has a 
reflector, the tapetum, at the back of its rods and cones to increase their 
_ sensitivity, whereas in man, working at higher intensities of light by day, a 
pigmented ‘backing’ in the choroid cuts down the scatter of the brighter light. 
The visual systems of cat and man are therefore much alike; both need and 


- have binocular vision, the cat for accurate judgement of range and position 


_ when stalking and seizing its prey, and man for manipulation. The differences 
between them are due to the different ranges of intensity of light under which 
the two species usually live. 

 _ Riesen (1947, 1950) produced nystagmus in chimpanzees, which have a 
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visual apparatus almost identical to that of man, by rearing them in the dark 
from birth before they had time to develop binocular vision. He also put a 
chimpanzee, aged 7 months (when it had developed its full visual functions), 
into the dark, and it too developed nystagmus. 

These animal experiments suggest that coal-miners’ nystagmus may well be 
a partial disuse atrophy of the visual function from lack of light. The studies 
on cats are being extended, and an attempt is being made to hasten the 
recovery of men with this condition by appropriate management. 
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An optical manometer for recording pressures within the urinary 
bladder. By I. D. Fercuson and A. T. Gray. Institute of Physiology, 
University of Glasgow 

In measuring pressures in the urinary bladder, it is desirable to use a mano- 

meter capable of recording, without causing significant bladder volume varia- 

tion, pressure variations of less than 1 cm water over a range of approximately 

80 cm water. A sensitive optical manometer can record bladder pressures 

without significant volume variation, but only over an inadequate range. The 

effective range can be increased, however, by altering the height of the mano- 
meter in relation to the bladder, thus displacing the zero of the instrument by 
an equivalent amount. 

An optical manometer, modified from that of Hamilton, Brewer & Brotman 
(1934), was designed and mounted, together with the optical and recording 
systems, on a plank 120 x 50 cm. 

The level of the symphysis pubis in the supine animal was used as the 
reference zero point. With the manometer at its initial height, bladder pressures 
over the range 0-20 cm water were measured. To record pressures over the 
range 20-40 cm water, the plank carrying the apparatus was raised 20 cm by 
a winch, By raising the plank in further steps of 20 cm the remaining range 
was covered. The height of the plank was automatically recorded by means of 
a marker moved by a pulley system across the front of the camera lens. 


REFERENCE 
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A device for recording the jugular phlebogram of the dog. 
By A. W. Stoan and Mary Wisnart. Institute of Physiology, University 
of Glasgow 

The use of a crystal microphone for pulse wave recording is comparatively 

recent. Miller & White (1941) pointed out the advantages of this method over 

lever and optical systems, which are relatively insensitive, imperfectly damped 
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and may introduce a variable time-lag, thereby increasing the difficulty of 
correlating cardiac events. | 

In experimental phonocardiography of dogs, using an electronic phono- 
cardiograph with a double-beam cathode-ray oscillograph as the recording he 
device (Campbell, Sloan & Andrew, 1952), we had to record the jugular 
phlebogram as a reference tracing. For this purpose a cannula introduced into 
the vein was connected to a chamber, separated by a rubber membrane from 
a crystal microphone, as shown in Fig. 1. A side-tube from the cannula led to 
a reservoir of Locke’s solution, from which an intravenous drip was maintained 


during the experiment. 


& 


Fig. 2. Sagittal section of Perspex membrane-holder. a | 


The membrane is of rubber dam, held in position by friction (Fig. 2). A | 
thinner membrane, of condom rubber, was found to have no advantage over 
the thicker one. The device to hold the membrane is constructed of Perspex 
which permits direct observation of the fluid inside. A drainage plug allows 
flushing out of blood or air bubbles from the chamber. A screw thread permits 
firm attachment of the crystal microphone casing to the Perspex membrane 
holder. 

Experimentally no resonance effects were observed when the fluid column 
was set into oscillation at frequencies of from 4 to 40 per sec. It is therefore 


i Rubber tubing 
to saline reservoir 
Screw 
Rubber 
As 
Rubber tubing @_OScillograph 
membrane 
holder Crystal microphone 
4 Fig. 1. Apparatus for recording the venous pulse. : 
Drain plug. Rubber membrane 
Screw for 
microphone 
q casing 
To venous cannula 
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assumed that no distortion of the wave form due to resonance will be produced 
at the frequency of the venous pulse waves, each of which may last about 


The Rankin Medica] Research Fund of the University of Glasgow defrayed the expenses involved. 
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A cine-film record of lens changes during accommodation of 
the human eye. By F. W. and T. ©. D. 
Institute of Physiology, University of Glasgow and R.A.F. Institute of 
Aviation Medicine, Farnborough, Hants 


Students find it difficult to observe the reflexions from the surfaces of the lens 
known as the Purkinje-Sanson images. To demonstrate the alteration in 
curvature of the anterior surface of the lens which occurs during accommodation 
a film record of the Purkinje-Sanson images has been made. Only a short 
length of film is employed, and it is projected continuously (closed loop) so as 
to permit repetitive viewing of the record. 

As alignment and focusing of the camera are critical, it is essential to employ 
a camera of the single lens reflex type. A 35 mm Arriflex cine camera with a 
50 mm lens, fitted with a 50 mm extension tube, was used. The camera was 
run at 16 frames per sec with an effective stop of f/9. Kodak Super XX film 
was employed. 

The light source was a 750 W projection lamp run at 10% over its rated 
voltage. It was placed 1 m from the eye. To demonstrate more clearly the 
changes taking place in the size of the image during accommodation, the light 
source was doubled by means of a mirror placed 10cm above the lamp. 
Using this method the distance between the two images, formed on the anterior 
lens surface by the double light source, may be seen to vary with accom- 
modation. When the eye accommodates for a near point the anterior lens 
surface becomes more curved and the images may be seen to approximate. 

For convenience in projecting, the film has been reduced from 35 to 16 mm 


gauge. 
* Present address, Nuffield Laboratory of Ophthalmology, University of Oxford. 
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A reference junction for thermocouples. By W. R. Brakiry. The 
Hannah Dairy Research Institute, Kirkhill, Ayr 


In thermoelectric thermometry one junction is usually maintained at a 
constant known temperature in melting ice or other thermostat. A special 
reference junction is demonstrated in which changes in thermal e.m.f. pro- 
duced by ambient temperature changes are opposed by equal and opposite 
changes in the voltage output of a resistance thermometer (Beakley, 1951). 
This device obviates the necessity for a thermostat. Changes in ambient 
temperature of + 12° C produce less than +0-1° C in the effective temperature 
of the reference junction. This effective temperature may be preset to any 
desired value; in the particular model demonstrated reference temperatures of 
20-0, 30-0 and 40-0° C may be immediately selected. The resistance element is 
a thermistor, which enables the resistance added to the thermoelectric circuit 
to be kept below 6 Q for a current drain of less than 2 mA at 2-6 V. Two small 
dry cells give continuous service for more than a month, or a small mains- 
operated power unit may be employed. 


REFERENCE 
Beakley, W. R. (1951). J. sci. Instrum. 28, 176. 


A radiometer for measuring surface temperature. By W. R. 
Brak.LeY. The Hannah Dairy Research Institute, Kirkhill, Ayr 


This radiometer is a modified form of that used by Hardy (1934), being more 
sensitive, faster in response and more easily calibrated than the earlier one. 
The total radiation from a surface can be measured within an accuracy of 
1 kcal/sq.m/hr; the radiation exchange between two surfaces can be measured 
with rather greater accuracy, and surface radiant temperature, in the range 
0-50° C, can be measured with an accuracy of +0-1°C. The instrument is 
direct-reading and, for temperature measurement, requires to be standardized 
against only one known temperature prior to making measurements. The 
influence of the large degree of non-linearity inherent in Stefan’s Law (the 
radiation from a surface is proportional to the fourth power of its absolute 
temperature) is eliminated by dividing the temperature range into 10° steps 
and suitably modifying the sensitivity of the meter at each step. 


REFERENCE 
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The use of the condenser manometer for measuring the heart 
rate. By H. D. Grirrirn, I. R. Innes & H. W. Kosrerurrz. Natural 
Philosophy and Physiology Departments, University of Aberdeen 

For recording the heart rate on the kymograph it is possible to trigger a 

suitable counter either by the pulse wave itself (Fleisch, 1930; Daly & 

Schweitzer, 1950) or by the QRS deflexion of the electrocardiogram (Dawes, 

1951). Daly & Schweitzer (1950) employed a differential manometer activating 

an electrical contact breaker with each cardiac cycle. We have obtained similar 

results by using a condenser manometer. The changes in arterial pressure with 


each cardiac cycle produce changes in capacity which are converted into 
electrical potential changes. These are fed successively into a ‘flip-flop’ 
circuit, a scale-of-two, and finally through a power amplifier (Fig. 1) into a 
Thorp impulse counter (Thorp, 1948). Since a.c. coupling is used throughout, 
the counter is independent of changes in mean arterial B.p. No originality for 
the condenser manometer is claimed since the basal electrical and mechanical 
ideas were applied by Dowling (1921) to physical uses and by I. de B. Daly 
(1930) to measurement of blood flow and have been further developed by a 
number of workers (cf. Hansen, 1949; Alexander, 1951). 

The manometer used for the heart-rate counter is shown in Fig. 2. In 
various types the diameter of the diaphragm has varied from 19 to 9 mm; 
diaphragms have been made from copper foil of thickness 100 to 60 and of 
beryllium copper foil, thickness 150. sweated to a brass or beryllium copper 
body. The cylindrical frame is turned from Perspex rod. Measurements made 
by an optical interference method on another instrument (M,) designed for 
pressures up to 20 mm Hg and having a copper diaphragm of diameter 13 mm, 
thickness 100, show that the deflexion at the centre is 1-45 for a pressure of 


The 
Fig. 1. 
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10 mm Hg; so the volume increase would be 8-4 x 10~* ml. for this pressure. 
The mechanical deflexion is linear for pressures up to +120mm Hg. The 
diaphragm is mounted at a distance of 100-200) from a brass plate so that 
its mation changes the electrical capacity of the condenser so formed and 


— 25 mm— 


Fig. 3. Circuit diagram, M, manometer; V,, X63; V,, EF 36; 0, output to amplifier or CRO; 
C,, 50 pF; O,, 12-5 pF, air var.; Cs, 30 pF; C,, 0-1luF; C,, 50 pF; C,, O-luF; C,, OlpF; 
R,, 100 kN, w.w. var.; 300 0; 100k; R, 22kO; R,, 33 kQ; R,, 22 k0; R,, 1 MOQ; 
R,, 2 MQ; carbon var.; Ry, 1 MO; Ry, 240k0; Ry, 1kQ; Ry, 100k; L, and L,, 
25 turns 20 s.w.g. in 27 mm, diam. 40 mm; meter, 0-2 mA. 


modifies the electrical frequency of the circuit L,C, of Fig. 3, taking L,C, 
towards or away from resonance with L,C,. In the case of our manometer M, 
a change of anode current of 804A is obtained for a pressure of 10 mm Hg. 
Linearity of the electrical response is good for pressures within + 40 mm Hg. 
The stability with good screening is excellent and permits amplification up 
to x 50 without trouble. 


It is a pleasure to acknowledge the hielp given by our colleagues, Dr E. J. Denton and Mr J.C. 8. 
Richards, in the design of the electrical circuit of this device. 
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Apparatus for the analysis of the stimulus-response relationship 
of proprioceptors in the knee-joint of the cat. By A. M. Anprew, 
I. A. Boyp and T. D. M. Rozerrs 


A pulse-interval meter for recording impulse frequency directly. 
By A. M. Anprew and T. D. M. Roperrts. Institute of Physiology, 
University of Glasgow 

In studying the discharges in nerve fibres a graph of impulse frequency against 

time is often required. To prepare this from photographic records is tedious 

and involves delay. The impulse frequency can be indicated during the course 
of the experiment by using a counting-rate meter of the type familiar in 


radioactive-tracer studies. In such meters, however, the response to rapid | 


changes in pulse frequency is necessarily sluggish owing to the presence of an 
integrating circuit, The instrument demonstrated has been devised to be free 
from this limitation. 

Each interval between pulses is measured electronically and is used to 


| _. determine an output voltage which is displayed during the succeeding interval. 


The scale of interval duration is so arranged that the output may be read 
directly in frequency on an approximately linear scale. Strictly, the output 
voltage at any instant is determined either by the duration of the preceding 
pulse interval or by the time which has elapsed since the last pulse, whichever 
is the longer. This mode of operation is necessary to ensure that a decrease in 
pulse frequency is recorded faithfully. With this arrangement the theoretical 
limit for rapidity of response to a change in pulse frequency appears to have 
been reached. 

The output may be displayed on a meter, cathode-ray oscilloscope, or 
direct-writing recorder. The range covered is from zero to 100 pulses/sec. 
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The sense organs responsible for the proprioceptive discharges 
from the knee-joint of the cat. By I. A. Born. Institute of Physio- 
logy, University of Glasgow 

Examples will be shown of the types of sense organs found in the knee-joint 

capsule by the following procedure. A ‘single fibre’ discharge was obtained 

from the posterior articular nerve to the knee-joint by the method already 
described (Boyd & Roberts, 1953). The sense organ. was localized by pressing 
directly on the capsule with a probe to determine the area in which pressure 
produced an increase in the frequency of discharge. Incisions were then made 
in the capsule to isolate the sense organ as much as possible while still recording 
from its nerve. The small piece of capsule separated by these cuts was then 
excised and examined histologically by Gairns’s gold chloride method (Gairns, 

1930). The nature of the sense organs revealed in this way will be correlated 

with the characteristics of the sensory discharges. 


Boyd, I..A. & Roberts, T. D. M. (1953). J. Physiol, (in the Press). 
Gairns, F. W. (1930). Quart. J. micr. Sci. 74, 151. 


Intracellular recording of ‘slow’ and ‘fast’ fibre activity from an 
insect muscle. By G. Hoyiz. Department of Zoology, University of 
Glasgow 

The double innervation of crustacean limb muscles by ‘slow’ and ‘fast’ nerve 

fibres has been extensively studied (Katz, 1949), while comparable systems in 

insects have received little attention. A functional double innervation has 

been demonstrated in a cockroach (Pringle, 1939) and in a locust (Hoyle, 1953). 

In the extensor tibialis muscle in the locust the two types of nerve fibre 

supplying the muscle lie in anatomically separate nerve trunks and can be 

subjected to independent electrical stimulation. The muscle is exposed and 
the electrical effects in the muscle produced by stimuli applied to its nerves 
are recorded from individual muscle fibres using intracellular capillary micro- 
electrodes. The mechanical response of the whole muscle is recorded by con- 
necting a suitable transducer to the tibia, which is left free to move. 

Records obtained in this way show that stimulation of the ‘fast’ nerve fibre 
leads to a large end-plate potential together with an active membrane 

which overshoots the zero baseline of potential by about 10-20 mV at 22° C. 

This effect is similar to that already described for the flexor tibialis muscle of 

the locust (del Castillo, Hoyle & Machne, 1953); it is followed by a vigorous 

twitch of the muscle. The mechanical responses to successive stimuli applied 
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at short intervals show a considerable progressive increase while the electrical 
responses are substantially unchanged. The patterns of electrical activity 
show no important differences when recorded from different sites in the same 
muscle fibre (length of fibre approx. 1-5 mm) or when recorded from different 
muscle fibres. 

Stimulation of the ‘slow’ nerve fibre at 10 pulses/sec produces a very slow 
extension of the tibia. An increase in stimulus frequency up to about 200 pulses/ 
sec produces an increase in the rate of extension and also in the final tension. 
The recorded electrical effect when the ‘slow’ nerve fibre is stimulated varies 
with the site of the electrode within a particular muscle fibre. In some positions 
no response can be seen after a single stimulus. In other positions a small 
depolarization of about 1 mV, lasting for more than 100 msec, may be 
observed. In a few positions an additional small hump of about 3 mV may be 
seen to follow the stimulus artifact. During repetitive stimulation there is no 
apparent change in the height of the humps produced by individual stimuli. 
There is, however, a progressive depolarization to a plateau at values up to 
50 mV (resting membrane potential, 60 mV), according to the frequency and 
duration of the stimulation. The depolarization recorded in other regions of the 
muscle fibre may not exceed 10 mV. An increase in stimulus frequency in the 
range mentioned above increases both the rate of development of the depolari- 
zation and also its final plateau value. 


del Castillo, J. J., Hoyle, G. & Machne, X. (1953). J. Physiol. 121 (in the Press). 
Hoyle, G. (1953). Nature, Lond., 171, 165. 

Katz, B. (1949). Biol. Rev. 24, 1. 

Pringle, J. W. 8. (1939). J. exp. Biol. 16, 220. 


Sensory nerve endings other than taste buds in the human tongue. 
By F. W. Garens. Institute of Physiology, University of Glasgow | 


This work is a further extension of observations on the innervation of the 
structures of the oral cavity (Gairns & Aitchison, 1950; Gairns, 1951). Early 
post-mortem material from adults whose tongues were considered normal was 
used in this study. The method employed was the Bielschowsky-Gros silver 
diammine ion technique (Garven & Gairns, 1952). 

In the rich innervation of the surface of the tongue the following types of 
ending were found. Many myelinated nerve fibres branch in the superficial 
dermis to form thinner non-myelinated branches which penetrate into the 
epithelium to form free intra-epithelial endings. In the connective tissue both 
of the small dermal papillae and in the dermis of the filiform and fungiform 
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papillae many types of large organized endings are present. These are of the 
Meissner and Krause type, the Krause being very numerous (Fig. 1). Other 
forms of loose and dense ‘whorls’ of smaller and larger size are common and 
especially so in the large fungiform papillae where as many as five or six may 
be found in a single papilla. 

The whole region of the circumvallate papillae is very richly innervated and 
here in addition to the above types there are present larger, very-elaborate 
endings. These ‘spray’ endings are formed by the multiple, dichotomous 
branching of a nerve fibre whose finest branches end in small swellings. 


Fig. 1. Group of sub-epithelial Krause-like endings in the human tongue. Bielschowsky- 
Gros silver diammine ion stain. Untouched photomicrograph. 


In addition to the endings described there is a profuse, fine, subepithelial 
plexus of fine beaded fibres probably of sympathetic origin. 

Surprisingly few taste buds were found on the surface of the tongue apart 
from those in the circumvallate papillae. 
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A closed-circuit respiration calorimeter for long period measure- 


ment of twenty-four hour total metabolic exchanges in the 
rat. By Mary C. Cummine and 8. D. Morrison 


A simple projection apparatus for histological drawings. By 
H. 8. D. Garven and 8. D. Morrison. Institute of Physiology, Unwersity 
of Glasgow 


The image from an ordinary monocular microscope is projected from below 
through a plate glass table-top. This enables the image to be outlined on tracing 
paper without any interrupting shadow from the drawing hand or pencil. 


Megakaryocytes in the hedgehog spleen. By H.S. D. Garven. Institute 
of Physiology, University of Glasgow 

Megakaryocytes are normally present in the spleen of many animals in early 

life. In most adult laboratory animals these cells are found in the spleen only 

in very small numbers. It is usually assumed that after the splenic phase of 

haemopoiesis has passed the spleen is actively engaged in the removal of 


_ platelets from the circulating blood or inhibits their formation. 


The examination of the spleen of four adult hedgehogs, two males and two 
females, during the months April to July, has shown megakaryocytes to be 
present in very large numbers. In a high-power microscopic field as many as 
twenty megakaryocytes have been counted. These may occupy up to one-fifth 


| of the area of the whole field. 


Some of the megakaryocytes are of large size, in fixed material measuring 
up to 60-70 x 30yu. The nuclear pattern is very variable. Some show very 


_ great irregularity in the shape and size of the nuclear fragments or lobes; 


others show very large numbers of small nuclei of similar size and chromatin 


| pattern. There are present also appreciable numbers of megakaryocytes under- 
going mitosis. Such mitotic figures are rarely found in the bone marrow. __ 


The spleens have been examined in the contracted post-mortem condition. 


_ In this state some of these large megakaryocytes are present in the trabecular 
veins. If such a contracted state occurs during life numbers of these large 
_ cells must be shed into the splenic vein. 


>, 


a 


If the megakaryocyte origin of blood platelets is accepted it would appear 


that, in the hedgehog, the spleen in adult life may be a platelet-forming organ 


of some importance. . 
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An apparatus for freeze-drying tissues for histochemical investi - 
gation. By A. M. Anprew and A. J. Hate. Institute of Physiology, 
University of Glasgow 

In freeze-drying it is important to be able to repeat precisely a procedure 

found to give good results with a particular type of tissue. An apparatus 

incorporating an electronic temperature-regulator has been developed to make 
this possible when carrying out the following procedure. 

iso/Pentane is first cooled by liquid nitrogen to — 190° C. Samples of tissue 

for histochemical investigation are rapidly cooled in this tso-pentane using a 
special agitator. They are then placed in the drying pan of the freeze-drying 
apparatus, where their temperature is raised to a selected value in the range of 
—30 to ~45° C. They are maintained at this temperature and at a pressure of 
10-* mm of mercury, in a vessel whose wall is cooled to —75° C, until they 
are almost completely dehydrated by sublimation (Stowell, 1951). To save 
time the tissue temperature is raised to room temperature before the 
dehydration at —40° C is quite complete. This is permissible provided the 
rise of temperature over the range of —15 to +15°C is made to take 
place gradually (Méller, 1952). The last traces of water are driven off as the 
temperature rises. 

The necessary close control of tissue temperature at all stages is achieved 
by the electronic regulator. As its temperature-sensitive element the regulator 
uses a thermistor which is incorporated in a bridge circuit. The output voltage 
from the bridge is applied to a simple d.c. amplifier of the type described by 
Henney (1937). The amplifier operates a relay which controls the power applied 
to a small electric heating element underneath the drying pan. 
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Guinea-pigs reared on a diet containing synthetic ascorbic acid. 
By D. Brown, I. D. Fercuson and A. G. Ramsay. Institute of 
Physiology, University of Glasgow 

It is known that guinea-pigs allowed an unlimited supply of cabbage grow 

more rapidly and have a lower incidence of infection than a corresponding 


group receiving 5 mg synthetic ascorbic acid daily (Brown, Ferguson & 
Ramsay, 1952). 
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In a second experimental series one group of guinea-pigs (n = 13) was allowed 
an unlimited supply of cabbage outer leaves, of water and of diet 18 (Bruce & 
Parkes, 1947). A control group (n = 15) received, in place of cabbage, an amount | 
of synthetic ascorbic acid equivalent to the mean amount ingested in the 
greens eaten by the other group during the previous week. The mean intake of 
ascorbic acid in the cabbage was 45 mg/day with a range from 20 to 76 mg. 
This wide range was partly due to variation in the amount of cabbage eaten 
daily and to variation in the ascorbic acid content of the cabbage. Males ate 
more cabbage than females. 40-70 g diet 18 was consumed daily, and no 
significant difference in intake of diet 18 was noted between the two groups. 
The guinea-pigs receiving greens grew more rapidly than those receiving 
synthetic ascorbic acid. No deaths from infection took place in either group. 

By a control experiment it was shown that additional handling was not the 
cause of the retarded growth of the guinea-pigs receiving synthetic ascorbic 
acid. 

In an -control experiment, one group of guinea-pigs was allowed 80 g 
cabbage per héetd.per day, and the other group received daily, by mouth, 
45 mg synthetic ascorbic acid in place of the cabbage. The group on synthetic 
ascorbic acid grew more slowly. Yet, compared with the other group, they ate 
more of diet 18 and drank 68 ml. of water per day instead of the 26 ml. drunk 
by the guinea-pigs receiving cabbage. 

The guinea-pigs show clearly that cabbage is dietetically more than a mere 

vehicle for ascorbic acid. | 


We wish to thank Roche Products Ltd. for the gift of ascorbic acid. The expenses were defrayed 
_ by grants from the D. C. Andrew Research Fund and the Rankin Research Fund of the University 


of Glaagow. 
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_ An automatic refilling water container for laboratory animals. 
By I. D. Fercuson and A. G. Ramsay. Institute of Physiology, University 
of Glasgow 

: Open pots, troughs or drinking fountains of water are readily fouled with 
_ particles carried by the animal’s feet or by urine and faeces. This contamination 
_ is particularly marked in the laboratory management of guinea-pigs, rats, 
- mice and poultry. Moreover, such water containers are often upset and the 
contents spilt unless the containers are constructed with an unwieldy heavy 
base. Finally, owing to the considerable area of the exposed surface a relatively 

large loss of water occurs due to evaporation. 
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A much improved water container is that provided by an inverted glass 
container with a single glass tube through the stopper by means of which the 
animal sucks water and air enters. In routine use this provides uncontaminated 
water but it is unsuitable for ill animals or for the very young. It is also subject 
to occasional unexpected accidents resulting in a complete loss of all the water 
supply. The water container described here, although somewhat expensive and 
elaborate, allows the water intake of animals on experiment to be measured 


with some degree of accuracy. 


~—! 
Fig. 1. Automatic refilling water container unit. A, drinking chamber; B, float chamber con- 


taining motor bicycle carburettor float; C, needle seating; D, opening for float depressing 
plunger; Z, water reservoir; F, air inlet; G, stand. | 


The unit works by gravity feed and contains a float valve similar to that in 

a carburettor. The float chamber B and drinking chamber A are made from 
brass tube with brass sheet soft-soldered top and bottom. None of the 
dimensions “is critical. A 1} in. diameter ‘Amal’ motor bicycle carburettor 
float is used. To the centre of the upper surface of the float a short upright 
_ pointed rod is soldered to act as a ‘needle valve’. A short brass tube is silver- 
soldered to connect A with B. This tube leaves B near its base and enters A 
about 1 in. above its base. An appropriately shaped aperture of size sufficient 
to permit the animal to insert only its head, is cut out of the drinking chamber 
near the top. Thus the only possible contamination of the drinking water is 


by food particles from the animal’s mouth. These particles do not tend to pass ~ 


into B along the connecting tube. Water rises equally in both chambers. 
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To fill A and B initially, a pin is pushed intermistently through hole D in 
the top cover of the float chamber. The pin acts as a float depressing plunger. 

The drinking chamber is flushed out daily with tap water to remove 
particles of food. Verdigris has not given trouble. Fig. 1 shows the float and 
drinking chambers (used for: guinea-pigs) connected to a 1000 ml. reservoir, 
the whole unit being conveniently clamped to a stand. In simpler fashion a 
single large reservoir or a piped, low pressure water supply can be connected 
to any number of float and drinking chamber units in parallel. 


An apparatus and method for inhalation anaesthesia in rabbits. 
By W. A. Taytor 


a 


The metabolism house; a temperature -controlled building for con- 
ducting metabolic studies with lactating cows. By K. L Baxter 
and Technical Staff 


Respiration calorimetry with farm animals. By K. L. Buaxrzr, 
N. McC. Granam and J. A. F. Roox. The Hannah Dairy Research Institute, 
Kirkhil, Ayr 


Both open-circuit and closed-circuit apparatus for the determination of the 
respiratory exchange of cattle and sheep over periods of 24 hr have been 
developed, and the closed-circuit system adopted for routine use. Basically 
the latter apparatus is comparable to that devised by Schaternikoff, and uses 
the Regnault-Reiset principle (Paechtner, 1931). Water-vapour losses and 
carbon dioxide production are determined gravimetrically and oxygen con- 
sumption volumetrically. Methane is allowed to accumulate in the appagatus 
during each 24 hr period and determined by analysis of the chamber air at the 
beginning and end of each experiment. The chamber temperature is controlled 


Ao within +0-4° C over a range of 12-30° C. The apparatus is equipped for 


Ves 


quantitative collection of urinary and faecal excretions. Losses of energy 
and of carbon in the excreta are estimated by classical calorimetric and 
combustion methods. The storage of energy is computed from simultaneous 
balances of carbon and nitrogen, and from the non-protein respiratory quotient, 
- making allowances for methane. Serial determinations of the 24 hr metabolism 
of an untrained sheep over 8 days have given the results shown in Table 1. 
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Taste | 
Coefficient of 
Mean variation* 

CO, production 336-5 +146 

(24 hr 306-9 +41 

production 23-14 +43 

Heat produced (kcal 1,561-0 +3-2 
* Standard deviati of tho moan 

With trained calves lees variation was encountered. In forty 48 hour experiments the heat 
produotion per 24 br differed by lees than 2 % in twenty-one instances. 
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A climatic chamber for large animals. By W. R. Braxkizy and 
J. D. Funptay. The Hannah Dairy Research Institute, Kirkhill, Ayr 


The climatic chamber at the Hannah Institute, a general description of which 
has been published by Findlay (1953), is a thermally insulated room sufficiently 
large to accommodate a calf or small cow. The temperature of the room may be 
controlled to within +0-2° C of any desired value between the temperature 
of the external air and 50° C. The humidity of the air in the chamber also may 
be controlled accurately at any value between the humidity of the external ” 
air and saturation. Either the temperature or the humidity of the chamber 
may be rapidly changed to a new value. The chamber is so designed that the 
wall temperature may be maintained very close to the air temperature. Air 
movement in the chamber is approximately 15 ft. per min. 

An adjacent observation room is equipped for the measurement and re- 
cording of rectal, skin, subdermal and deep body temperatures, of environ- 
mental conditions and of cardiorespiratory activities. 

REFERENCE 
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A pneumotachograph for cattle. By W. R. Braxuzy, J. Buicn and 


W. Nispet. The Hannah Dairy Research Institute, Kirkill, Ayr 


The frequency of respiration in cows and in calves may range from 10 to 250 
respirations per min. At the greater frequencies it is important that the 
measuring apparatus should introduce the minimum of resistance to respira- 
tion. The present instrument introduces a back pressure of less than 1 cm 
water even at the highest respiration rates. It measures respiratory rate, 
respiratory minute volume and presents the respiratory pattern on an 
oscillograph. The design is based on methods used in human investigations. 
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_ These are described by Silverman & Whittenberger (1950) and by Pressey 
(1952). A linear transducer modified from that described by Tucker (1952) 
is used for the electrical measurement of displacement. 
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The estimation of lysine by Gale’s bacterial specific decarboxylase 


method and comparison with paper chromatography. By 
D. C. Epwarps and E. C. Owen 


The separation of proteins by electrophoresis on filter paper and 
its application to bovine and goat blood, colostrum and milk. 
By T. Hormann and E. C. Owen 


. Chromatographic separation of the para-dimethylaminopheny] 
ureides of lower fatty acids. By W. Manson and E. C. Owen 


Tubeless gastric analysis. By H. Conway, R. W. Merxiz and J. A. 
Simpson. Gardiner Institute of Medicine, University of Glasgow 


‘Diagnex’ (Squibb) is a cation exchange resin, consisting of Amberlite XE-96 
and quininium; the latter is combined with carboxylic acid groups as an 
indicator cation. In the presence of free HCl a cation exchange takes place and 
quinine is liberated. Segal, Miller, Morton & Young (1950) described a test 
whereby this reaction could be applied to the recognition of free HCl in gastric 
juice, thus rendering intubation unnecessary ; the displaced quinine is absorbed 
in the small intestine and excreted in the urine. 

The fasting subject swallows a standard quantity of “Diagnex’ (2g) and — 
urine is collected hourly for 3 hr. Quinine is extracted from each urine specimen 
with ether and acid using the method of Kelsey & Geiling (1942). The extracts 
are compared with a standard quinine solution in a fluorimeter and the total 
quinine content of each specimen is calculated. 

Clinical trials have confirmed the work of Segal e al. (1950). The test 
indicates accurately the presence or absence of free HCl in gastric juice. 
‘Diagnex’ itself does not provoke HCl production and, in the — of 
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spontaneous acid secretion, a potent stimulant such as histamine must be 
used concurrently. Achlorhydria was proved i in twelve subjects, nine of whom 
were known to have achylia gastrica; in this group, the quinine excretion 
never exceeded 15-8g in any specimen. On the other hand six subjects who 
were suffering, or had suffered, from peptic ulceration, excreted 21-131 ug 
per specimen. Mean curves show that these two groups of cases are clearly 
differentiated. 

Attempts are being made to use ‘Diagnex’ (a) to test the efficacy of 
ganglion-blocking agents on acid secretion, (b) to estimate acid output after 
gastrectomy, (c) to compare its value as an indicator with a 8 and 
Giinzburg’s reagents. 


We wish to thank Messrs FE. T. and Soe, New York, 
and Dr H. L. Segal for stimulating our interest. 


_ Kelsey, F. E. & Geiling, E. M. R. (1942). J. Pharmacol. 75, 183. 
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The effect of carotene deprivation on the composition of the blood 
of the cow. By R. Caanpa, M. and E. C. Owen. 
The Hannah Dairy Research Institute, Kirkhill, Ayr 


Chanda & Owen (1952) have already made observations on the metabolism 
of carotene in lactating cows and goats. The present experiment was divided 
into eight periods. During periods 1, 3, 6 and 7 the cows received a diet not 
containing any greenstuff but otherwise adequate. This diet did not contain 
carotene, vitamin A or any vitamin A precursor. During periods 2, 4 and 5 
the diet contained dried grass meal and lucerne meal as sources of 8-carotene 
and the intake of 8-carotene was greater in periods 4 and 6 than in period 2. 
In period 8 the intake of carotene was greater still since the cows were grazing 
fresh, young grass. Thus periods of increasing intake of carotene were alternated 
with periods when carotene was withheld. Periods 1, 2 and 4 lasted three 
_ weeks, periods 3, 5 and 6, two weeks end period 8, one week. The blood was 
analysed at the end of each period for carotene, vitamin A alcohol and 
vitamin A ester. 

When there was no carotene in the diet vitamin A ester was absent from the 
blood at the end of the period although f-carotene was still present in small 
amount. At the end of the periods when carotene was available vitamin A 
ester was found in the blood serum in amounts which reflected the intake of 
carotene. Blood carotene also reflected the carotene intake. The rate of increase 
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of vitamin A ester with increasing intake of carotene was much less than the 
corresponding rate of increase of the blood carotene. Vitamin A alcohol, in 
contrast to the ester, was unaffected by the carotene intake of the cows. 


REFERENCE 
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The ear lobe as a source of blood in haemoglobin estimation. 
By A. 8. Henperson. Student Health Service, University of Glasgow 


Measurement of haemoglobin concentration in capillary blood by the M.R.C. 
Grey Wedge Photometer (King, Wootton, Donaldson, Sisson & Macfarlane, 


_ 1948) became part of the routine medical examination of students at Glasgow 


University m 1951. Soon, discrepancies in readings, taken within a few days 
of each other from the same students, became so disconcerting as to demand 
further investigation. This was undertaken first in a group of six healthy 
students over a period of 4 months under a variety of defined conditions. 
Measurements were made on duplicate samples of capillary blood from two 
sites, the root of the finger nail and the lobe of the ear, and on heparinized 
venous blood from the arm. 

In relation to the source of blood, three main conclusions emerge: 

(1) Capillary ear-lobe blood has a higher mean haemoglobin concentration 
than capillary blood from the root of the nail (except in the morning before 
breakfast). 

(2) The coefficient of variation of ear readings is higher than that of finger 
readings (except in the morning before breakfast). 

(3) Mean haemeglobin values for capillary blood from the finger and for 
venous blood from the arm are not significantly different. 

The most interesting finding was that the haemoglobin concentration of 
ear-lobe blood varies with the serial drop from the same puncture; early drops 
had a significantly higher content than later drops. There was no significant 
difference between serial finger drop values. 

These measurements on serial drops from fingers and ears were repeated in 
a more heterogeneous group of students, seventeen women and twenty-three 
men. The conclusions: derived from the previous experimental group were 
confirmed. | 

These findings conflict with those of Price-Jones, Vaughan & Goddard 
(1935) and Lucey (1950) but agree with those of Sérensen (1941). 

It is suggested that the use of the ear-lobe as a source of blood for the 
estimation of haemoglobin concentration should be strongly ee 
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The representation of the retina on the optic lobe of the pigeon 
and the superior colliculus of the rabbit and goat. By F. A. 
Hampi and D. Warrrertper. Department of Physiology, University of 
Edinburgh 

The representation of the visual field of the pigeon on the surface of its optic 
lobe has been plotted using 9 stereotaxic machine, a fine steel needle (5-10 
tip) and a perimeter. A flash from a neon tube subtending an angle at the eye 
of 0-5° sets up a potential wave in the optic lobe with a latency of 20-30 msec. 
With the needle fixed, the excitatory area on the perimeter is approximately 
5° in diameter. The upper surface of the optic lobe receives impulses from the 
upper half of the field, the centre of the lateral edge is connected with the 
macula, and the lower half of the visual field is represented on the inferior 
surface. Anterior and posterior parts of the field are represented anteriorly 
and posteriorly respectively on the optic lobe. 

Observations have also been made on the representation of the visual 
field on the superior colliculus in the rabbit and goat. In general the results 
resemble those of Apter (1945) on the cat. 

In the decerebrate pigeon the deeper layers of the optic lobe give visual 
responses which fatigue very rapidly with repetition, have a longer latency 
and can be evoked from whole quadrants of the visual fields. Some part of 
these responses at least must be due to efferent fibres, presumably related to 
the execution of adversive movements of the head (Moruzzi, 1946). (Move- 
ment of the eye relative to the head in the pigeon is very limited.) 

Auditory responses have been obtained from the nucleus mesencephalicus 
lateralis profundus, believed on anatomical grounds to be homologous with 
the inferior colliculus of mammals. 

When leading from the stratum griseum superficiale in rabbits some evidence 
has been found for the convergence of impulses on to these cells so as to 
establish a system with polar co-ordinates, suitable for the control of eye move- 
ments. It had previously been suggested on theoretical grounds by Pitts 
& McCulloch (1947) that the colliculus uses a system of rectilinear co-ordinates 
for this purpose. 
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A method for studying intestinal metabolism and absorption. By 
T. H. Witson and G. Wiseman. Departments of Biochemistry and Physi- 
ology, University of Sheffield 

Sacs of about 2 cm length of everted small intestine of rat and hamster were 

placed in 25 ml. Warburg flasks and the Q,, was measured. Eversion of the 

gut facilitates adequate oxygenation by exposing the mucosa to the oxygenated 
medium. Aerobic lactic acid production was measured chemically (Barker & 

Summerson, 1941) and anaerobic acid production estimated manometrically. 


TaBiz 1,. Metabolism of small intestine of rat and hamster 


(J =jejunum; J =ileum) 
ata 08, 
Rat -24 -~16 34 5 30 10 
s Hamster - 30 -17 10 3 18 10 


Absorption by this preparation was tested with glucose and L-methionine, 
both previously shown to be actively transported (glucose by Fisher & Parsons, 
1949; t-methionine by Wiseman, 1953). In all aerobic experiments these 
materials were transported against concentration gradients. For example, 
with hamster small intestine (initial glucose concentration 300 mg% inside 

and outside the sac) the final concentration, after 1 hr, on the serosal side was 
- 700mg% while that on the mucosal side was 185 mg%. The Qo, in this 
experiment was — 29, the glucose utilized was 9-9yul./mg dry wt./hr, and the 
glucose transported was 13-5,1./mg dry wt./hr. In an experiment with hamster 
small intestine (initial t-methionine concentration 100 mg % inside and out- 
side the sac) after 1 hr the concentration on the serosal side was 200 mg% 
while that on the mucosal side was 75 mg °%. The methionine transported was 
3°6 wl./mg dry wt./hr. 
This preparation allows convenient measurement of metabolic activity 


during periods of active absorption. 
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Arterio-venous anastomoses in the perichondrium and skin of 
the ear of the Ayrshire calf. By J. D. Frvp.ay and A. Myranwy 
Goopatt. The Hannah Dairy Research Institute, Kirkhill, Ayr 


Arterio-venous anastomoses were demonstrated in the perichondrium and 
skin of the rabbit’s ear by Grant (1930). Using Grant’s perfusion method 
arterio-venous anastomoses have been found in the perichondrium and skin 
of the ear of the Ayrshire calf (Fig. 1). 


Fig. 1. An arterio-venous anastomosis in the perichondrium of the ear of an Ayrshire calf. 
Several valves can be seen at the junctions of veins on the bottom right of the figure. 


The arterio-venous anastomoses in the perichondrium arose from first or 
second branches of one of the four main arteries running in the perichondrium. 
The arterio-venous anastomoses occur in the perichondrium of both surfaces, 
their outside diameter varying from 15 to 90x. 

Similar vessels of finer calibre are present in the second vascular plexus in 
the skin of the ear of the calf. The location of these vessels in the skin is 
comparable to that of the arterio-venous anastomoses described by Daniel & 
Prichard (1952) in the corium of the tongue of the dog, of the sheep and of the 
goat. | 
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The effect of thermal environment on the rectal temperatures 
of calves. By W. R. Beaxuey and J. D. Finptay. The Hannah Dairy 
Research Institute, Kirkhill, Ayr 

The rectal temperatures of Ayrshire calves exposed daily for 6 hr to dry-bulb 

temperatures of 15, 20, 25, 30, 35 and 40° C at 17 mg/l. absolute humidity in 

latin-square arrangement of environmental temperature, rose with increasing 
environmental temperature and with time of exposure. 

A linear rise in rectal temperature, independent of environmental tem- 
perature, began at the 4th hour of exposure and continued until the experi- 
ment terminated at the 6th hour of exposure. 

An exponential rise in rectal temperature with time also occurred, the 
asymptotic value of which varied exponentially with environmental tem- 
perature but whose time constant was independent of the latter. These 
relationships could be expressed as | 

Tp= Tp, + + b(t 

where 7, was the rectal temperature of the animal at time ¢ in an environ- 

mental temperature 7. +, a, 7, 6, tg are constants differing in value for each 

animal. 7',, is the normal rectal temperature of the animal when the environ- 
mental temperature is between 15 and 20° C. The variation in the values of 

Tp, for three Ayrshire bull calves from day to day was found to be +0-15° C. 

T, is the environmental temperature at which the animal will have an 
asymptotic value of rectal temperature 1° C above its normal rectal tempera- 
ture (7p). For three Ayrshire bull calves these environmental temperatures 
were 41, 37 and 33° C. 

It is thus apparent that individual bull calves of one pure breed, on the same 
plane of nutrition and of the same age show considerable variation in their 
response to thermal environment. 


Effects of vitamin E deficiency on oxygen toxicity in the rat. By 
D. W. Taytor. Department of Physiology, University of Aberdeen 


All who have studied the problem of oxygen toxicity are agreed that the 
metabolic condition of an experimental animal at the time of exposure has an 
important bearing on the time of onset of toxic manifestations (Campbell, 
1937; Gersh & Wagner, 1944; Grossman & Penrod, 1949). It was thought of 
interest to find out if the feeding of a vitamin E-deficient diet had any 
modifying effect on the results of exposure to high oxygen pressures. 
Twenty-eight rats were divided into two groups each containing eight males 
and six females. Both were from time of weaning given the same basic 
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artificial diet with 20% casein and designed to contain negligible amounts of 
vitamin E, Animals in group A were given in addition 5 mg «-tocophery| 
acetate orally twice weekly. When 9 months old all were exposed to 5 atm of 
oxygen (approx. 98%, O,) for a standard period of 50 min, during the whole 
of which they were under direct observation. In group A convulsions were 
observed in only four animals, while all fourteen in group B convulsed. In 
group A only one animal died, but in group B there was only one survivor. 
Both these differences are highly significant (P <0-01 and 0-001 respectively). 
Autopsy was performed on all animals to assess lung damage, which was 
arbitrarily classified into 4 degrees of severity. First impressions seemed to 
indicate greater damage in the deficient animals, three of which showed 
damage of the most severe grade, as opposed to none of the controls, but the 
overall difference was not significant. There was no macroscopic or microscopic 
liver damage. 


There seems to be no immediate fundamental explanation of these results _ 
other than such a postulate as enhanced toxicity from some abnormal — 


metabolite formation, or increase in normal cell metabolism, in the absence of 
vitamin E, known to be a tissue anti-oxidant. 


I am indebted to Mr I. MacDonald for the statistical analysis. 


Camphel), J. A. (1937). J. Physiol. 90, 91 P. 
Gersh; I. & Wagner, C. E. (1944). Amer. J. Physiol. 144, 270. 
Grossman, M. 8. & Penrod, K. E. (1949). Amer. J. Physiol. 156, 182. 


The effect of Mg deficiency on the energy exchange of calves. 


By K. L. Buaxter and J. A. F. Roox. The Hannah Dairy Research 
Institute, Kirkhill, Ayr Rs 


Calves were given rations simulating milk, but containing 0-4 mg Mg/100 ml. 
instead of the 10 mg/100 ml. present in cow’s milk. A magnesium deficiency 
syndrome characterized by tetany and terminating in tonic-clonic convulsions 
was produced. Two calves on experiment, and two control calves given the 
same diet with magnesium added, were used to study the 24 hr exchange of 
energy. Determinations were made at intervals of 2-6 days on each animal 
throughout an initial period of 12-16 days when the calves all received milk 
with a normal magnesium content, and during an experimental period of 
40-70 days during which the deficiency was produced. 

There was no effect on the heat production of the calves, or on their storage 
of dietary energy until the blood serum concentration of magnesium had fallen 
from an initial level of 2-0-2-5 to a value below 0-7 mg/100 ml., when heat 
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production rose, and, since the calorific value of the diet remained constant, 
their body storage of dietary energy fell. Thus, with one calf, CO, production 
was increased over the control value by 7-9% when the blood serum Mg 
dropped to 0-62 mg/100 ml. and by 10-7 % when the serum Mg fell still further 
to 0-63. With the other, an increase of 18-9%, was found when the serum Mg 
concentration had fallen to 0-35 mg/100 ml. These increases in heat production 
of the magnesium deficient animals coincided with the appearance of tetany. 
In rats, Kleiber, Boelter & Greenberg (1941) detected an increase in fasting heat 
production during magnesium deficiency, and attributed it (Kleiber, 1945) 
to a breakdown of muscle tissue to enable the Mg concentration of soft tissues 
to be maintained—a process he termed homeostatic waste. Such a teleological 
explanation of the increase in heat production is not compatible with the 
sudden rise in heat production we have observed, which correlates closely with 
muscle activity. 
REFERENCES 
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Electromyography of the sphincter ani externus in man. By 
W. F. Fuoyp and E. W. Watts. Departments of Physiology and Anatomy, 
The Middlesex Hospital Medical School, London 
_ The electrical activity of the sphincter ani externus in man was studied in 
~ seven healthy male subjects in the age range 20-43. Surface electrodes were 
__ placed laterally on the marginal anal skin and held in position by adhesive 
_ strapping. The use of needle electrodes was not attempted on the advice of 
- our clinical colleagues. The only earlier work which we have been able to find 
_. is that of Beck (1930), who recorded mechanograms and some electromyograms 
of the external anal sphincter, working mainly with dogs. 

In all our subjects the anal sphincter was normally in a state of tonic con- 
traction, the degree of tone varying with posture and different forms of 
activity. In spite of the extreme sensitivity of the anal skin, the subjects 
ceased to be aware of the electrodes a short time after application, and hence 
_ we think it unlikely that their presence significantly increased this resting 
tone. 

A considerable degree of voluntary <ouneek of the sphincter was demon- 
strated in all seven subjects and vigorous contractions could be obtained. 
_ Simultaneous electrical recordings with surface electrodes were also aed 
from the gluteal muscles. Contraction of the sphincter ani without associated 
gluteal muscle activity was commonly observed, but only rarely did we find 
voluntary gluteal muscle activity without associated sphincter activity. 
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Increased intra-abdominal pressure produced by various om et such 
as coughing, singing or weight-lifting, was always associated with an increase 
of aise tone. The intra-abdominal pressure is also raised by straining, 
but the sphincter may contract more vigorously or may relax, according to 
how the straining is carried out. Our subjects always increased sphincter 
tone on being asked to ‘strain’. When, however, the straining was accompanied 
by an attempt at defaecation, an associated relaxation of the sphincter was 
found in some subjects The failure on the part of certain subjects to produce 
relaxation of the sphincter during attempted defaecation is probably due to 
the difficulty in securing full co-operation in what must be regarded as a 
psychologically difficult situation. Digital examination of the rectum always 
elicited a brisk and vigorous increase of sphincter tone which subsided some- 
what slowly after withdrawal of the finger. | 


| REFERENCE 
Beck, W. (1930). Pflg. Arch. ges. Physiol. 224, 278. 


On some effects of lysergic. acid diethylamide (L.S.D. 25) in 
normal volunteers. By P. B. Brapiey, C. and J. 
Department of Experimental Psychiatry, Uniwersity of Birmingham 

L.8.D. 25 (Stoll, 1947) was administered by mouth in doses of 15-100yg to 

twelve male and three female volunteers, and particular attention was paid 

to the effects of rhythmic photic stimulation (effected by an electronic 

_ stroboscope at 4-24 c/s) on the symptoms of intoxication. The subjective 

sensations, including the illusions of form, colour and movement experienced 

under these conditions, were sound-recorded for each frequency. An e.e.g. 

record was then taken and photic stimulation repeated during the recording. 

The drug was then administered. Symptoms generally appeared within 

20-30 min and, with three exceptions, were quite apparent within the hour. 

The stroboscope run was then repeated, first without, then with the e.e.g. 

electrodes in place. As before, all verbal material was recorded. 

Broadly the symptoms observed were those described by Stoll ; depersonaliza- 
tion, heightened awareness, and fluctuating, incongruous affect were the most 
common symptoms. Eight subjects experienced visual symptoms, and seven 
distortion of body image. Mild dysarthria was seen in eleven, and thought 
blocking in six subjects. Rhythmic photic stimulation enhanced the symptoms 
in twelve out of fifteen subjects, and in three out of these twelve, symptoms 
were brought out where no symptoms of any kind had been experienced 
before. An incommunicative trance-like state during photic stimulation 
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following L.8.D. 25 was experienced by six subjects; and in three there was a 
slight, transient but quite definite alteration in muscle tone (not unlike that 
seen in catatonia) which persisted for up to 20 min after photic stimulation 
Of the thirteen subjects in whom e.e.g. records were taken, two belonged to 
the micro-alpha, five to the responsive alpha and six to the persistent alpha 
group (Golla, Hutton & Walter, 1943). Following L.8.D. 25 the micro- 
alpha subjects showed little change in the resting record. One responsive 
subject showed micro-alpha activity, and the four others became more 
responsive. Five of the six persistent alpha subjects became completely 
responsive, and one remained persistent. Changes in the response to photic 
stimulation were also observed. ’ 


Golla, F., Hutton, E. L. & Walter, W. G. (1943). J. ment. Sci. 89, 216. 
Stoll, W. A. (1947). Schweiz, Arch. Neurol. Psychiat. 60, 279. 


Some effects of diisopropylfluorophosphate on the electrical 
activity of the brain of the cat. By P. B. Brap.iey, 8. Cerquieiini 
and J. Erxes. Department of Experimental Psychiatry, University of 
Birmingham 

The effect of DFP on the electrocorticogram has been studied in acute 

preparations subjected to high spinal or mid-brain section (the encéphale and 

cerveau isolé, Bremer, 1938), and in preparations anaesthetized with pento- 
barbitone (30-35 mg/kg). In both encéphale and cerveau preparations, the 


effect of DFP (administered intravenously in divided doses up to a total of 
3-4 mg/kg) was similar to that of physostigmine (Bradley & Elkes, 1953), the 
characteristic intermittent activity of these preparations being abolished. 
Atropine (1-0-1-5 mg/kg) restored this activity. Similarly, the large- 
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amplitude slow waves induced by atropine (2-3 mg/kg) could be abolished 
by DFP. With lethal doses of DFP (above 6 mg/kg) respiration was affected 
first ; convulsive activity was never seen, even in experiments where respiration 
was maintained artificially. This differs from the effects described for DFP 
(administered by carotid injection) in the curarized rabbit (Hampson, Essig, 
McCauley & Himwich, 1950). 

The effect of DFP on the ‘spindle’ activity of barbiturate anaesthesia in 
the intact animal was somewhat different. The spindle bursts (Fig. 1A) were 
abolished and replaced by continuous rhythmic activity at 4-6 c/s (Fig. 1B). 
This type of change resembled that seen with physostigmine, but was more 
marked with DFP. Atropine sulphate (1-0-1-5 mg/kg) abolished this 
continuous activity and restored spindle bursts. Mid-brain section either 
reduced or abolished the DFP-induced rhythmic activity, and restored an 
intermittent waxing and waning activity. The effect of DFP thus distinguishes 
between barbiturate spindle activity and the intermittent activity seen in the 
cerveau isolé. 
REFERENCES 
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Intraventricular conduction in the human heart. By A. M. P. 
Tomson. Department of Materia Medica, University of Glasgow 


In four cases which showed during life electrocardiographic evidence of delayed 
intraventricular conduction, the atrioventricular conducting system was 
studied histologically. Blocks from the interventricular septum containing 
all the parts of the conducting system were sectioned serially, every tenth 
section being mounted and examined. 

The lesions in all cases consisted of a varying degree of fibrosis of right or 
left bundle branch. In no case was there complete interruption of either 
branch but although bilateral lesions were found the clinically suspect branch 
always showed greater fibrosis and some reduction in the number and diameter 
of the conducting muscle cells. A case of right bundle block studied in this 
way is presented in illustration. . 

According to the generally accepted view of the physiology of cardiac con- 
duction, the impulse to ventricular contraction is transmitted exclusively by 
the muscular conducting system. Curtis & Travis (1951) suggest that any 
one cell in a bundle might mediate conduction for the whole branch, However, 
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the present studies leave no doubt that lesions which leave a proportion of 
fibres uninterrupted are associated with electro-cardiographic evidence of 
delayed contraction of the ventricle on the same side. 

Davies & Francis (1952), on the basis of comparative anatomy, suggest that 
conduction rate in the Purkinje system is a function of the diameter of the 
conducting cell. It may well be that, in the human heart, delayed conduction 


is related to decrease in cell diameter. 
REFERENCES 


Curtis, H. J. & Travis, D. M. (1951), Amer. J. Physiol. 165, 173. 
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The effect of ‘Banthine’ on human gastric motility and on 
pulse rate. By W. F. Anprrson. Foresthall Hospital, Glasgow 


‘Banthine’ ( 8-diethylaminoethyl xanthene-9-carboxylate methobromide) was 
given orally in a dose of 25~100 mg. The action on the pulse rate and on the 
gastric motility, using the intragastric balloon method, was observed in nine- 
teen subjects. These effects were compared with those resulting from the 
administration of atropine and belladonna (Anderson, 1952). 

‘Banthine’ in large doses produced a depressant action on the gastric 
motility, accompanied by an increased pulse rate. A moderate dose gave an 
inconstant effect while small doses caused an initial stimulation of gastric 
motility and a slowing of the pulse rate. 

‘Banthine’ caused a pattern of effect upon pulse rate, gastric motility and 
salivary secretion which resembled closely that of atropine and belladonna. 


REFERENCE 
Anderson, W. F. (1952). Lancet, ii, 255. 


Isotopic methods in blood volume determinations on domestic 
animals. By F. W. JENNINGS, I. M. Lauper and W. MULLIGaN. 
University of Glasgow Veterinary School 

In recent years methods for determining blood volume based on the use of 

isotopically labelled red cells and plasma proteins have become increasingly 

prominent (see reviews by Gregersen, 1951; Reeve, 1948, 1952). Red cells 

‘tagged’ with ®*P and plasma proteins trace-labelled with ™'I have so far proved 
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the most popular materials, and have been applied extensively in blood volume 
studies on man and a number of common laboratory animals. So far little 
comparable work has been done on the domestic animals in general. 

In applying the above mentioned techniques to the domestic animals, the 
authors have found that a number of modifications are sometimes necessary, 
e.g. there are considerable species variations in the rate at which *P-labelled 
phosphate enters the red cells. The low permeability of horse red cells to 
labelled phosphate has already been noted (Levi, 1945). The modifications 
necessary for the satisfactory application of these methods to the domestic 
animals will be discussed, including the application of **P*labelled red cells 
and %!J-labelled serum proteins in the simultaneous determination of red-cell 
and plasma volumes. 

REFERENCES 
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An anta sm of 5-hydroxytryptamine by atropine. By P. A. 
Ros . Ophthalmological Research Unit (Medical Research Council), 
Institute of Ophthalmology, Judd Street, London, W.C. 1 


In the course of some work on isolated ilea of guinea-pigs, it was noticed that 
atropine markedly reduced the motor response to low doses of 5-hydroxy- 
tryptamine (HT). As this appeared to be in disagreement with the findings 
of other workers (Feldberg & Toh, 1953; Gaddum, 1953) who found HT still 
active in the atropinized guinea-pig ileum, the phenomenon was more fully 
investigated. 

Guinea-pig ileum. Contractions obtained with HT 2 x 10-* or less could be 
matched by acetylcholine (ACh) 4 x 10-* or by nicotine 6 x 10-’. Like nicotine 
(and of course ACh), HT was blocked by atropine, 10-* in three experiments, 
and 10-? in three other experiments. This antagonism by atropine was not 
absolute for it could be overcome by increasing the HT dosage ten-fold or 
more. Hexamethonium (C,) up to 10 did not noticeably affect the motor 
response to HT although much lower concentrations of C, blocked nicotine. 

Rabbit ileum. Effective doses of HT were 1-2x10-?. It is well known 
that ‘indirectly’ acting drugs (e.g. nicotine) are resistant to specific doses of 
atropine in this species. Likewise HT was not affected by atropine up 
to 10-*. However, large doses of atropine did sometimes affect the responses 
of HT and nicotine to a similar degree. HT was still motor after C, 10~-, 
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although lower concentrations of C, were adequate to block nicotine. Some- 
times HT was slightly depressed by ©, but to no greater extent than ACh. 

No tachyphylaxis was noticed in either preparation even when HT was 
given at 2 min intervals. Indeed no reduction of response was apparent in 
7 guinea-pig ileum preparation when 32 doses of HT 10-* were given in 

min. 

Recent observations by Sinha & West (1953) could be taken to suggest that 
some effects of HT may involve nervous structures in smooth muscle. The 
present results on guinea-pig ileum appear to support such a view, as here the 
response to low doses of HT was atropine-sensitive; and this is in agreement 
with Herxheimer’s (1953) findings that atropine affords considerable protection 
against the bronchial effects of HT. From the results with C, it would seem 
that ganglion cells are not appreciably involved in the HT effect. Instead it 
is possible that HT may stimulate nerve endings as described in skin by 
Armstrong, Dry, Keele & Markham (1952). 
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Action potentials and tension in mammalian nerve-muscle 


preparations. By Brenpa Bietanp, O. F. Hurrer and O. C. J. 

Lipromp. Department of Physiology, University College, London 
In a nerve-muscle preparation the peak voltage of an action potential is not a 
convenient measure of the twitch tension of the muscle (Fig. 1a). It has, 
however, recently been shown that in human voluntary contractions the 
area under the action potential curve bears a linear relation to the tension 
produced (Lippold, 1952; Bigland, Lippold & Wrench, 1953). It therefore 
seemed possible that a similar relation might exist in the mammalian nerve- 
muscle preparation. 

Rabbits were anaesthetized with urethane and the tibialis anterior muscle 
was stimulated through its motor nerve with one supramaximal shock 
every’5 sec. Action potentials were recorded from two silver electrodes in- 
serted into each end of the muscle. Simultaneously, the tension developed in 
each twitch was registered by means of a strain gauge attached to the tendon. 
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The number of active fibres responding in each twitch was varied by slowly 
infusing tubocurarine chloride into the jugular vein until all response to 
stimulation was abolished. The area enclosed by the action potential record 


Area of action potential (% max. twitch area), 


” Peak voltage (% of max. peak voltage) — 


‘Tested wales} 
Fig. 1. (a) Relation between peak voltage and twitch tension (open circles), (6) Relation between 
area of action potential (measured as shown in black) and twitch tension (dots). 


was measured with a planimeter and plotted against twitch tension. Fig. 15 
shows that under these conditions there isa linear relation between the integrated 
potential and the tension. 
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medial ligament of the knee joint. By B. L. 
DREW 


The action of cysteamine and related substances on liver glycogen. 
By Z. M. Bacg and P. Fiscuer 


ine and coronary output of the perfused rabbit’s heart. 
By Z. M. Bacg and L. van DE Brrc 
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